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Abstract
Columns of saturated saline sands were frozen under hydrostatic conditions 
with constant surface and base temperatures. Nine freezing tests were conducted 
using a  silica sand with a permeability of about 10_n m 2 and salinities that ranged 
from 1 to 100 ppt but were generally near 35 ppt. Surface temperatures were 
generally 3 to 5 °C colder than the freezing temperature of the solution and base 
temperatures were generally 0.5 °C warmer.
A 4 to 10 day long period preceded the onset of convection and redistribution 
of the solute. The increased freezing rate due to the solute, the effects of brine 
expulsion and a small amount of water movement independent of the salt were 
measured during this period. Movement of water to the column surface was not 
associated with either vapor transport or salt sieving. The interface between the 
solid and liquid was a vertically diffuse interface rather than a sharp ice-bonded 
interface.
Convection of the pore fluid occurred throughout the entire column. Pore fluid 
velocities were estimated to be on the order of 0.1 to 0.3 -P1- and do not exceedday
1.4 Convection consisted of pore fluid in one half of the column moving 
down and pore fluid in the other half moving up and was associated with radial 
asymmetries in salinity, water content and ice-bonding. The effects of convection 
could be measured in the salinity profiles, but not in profiles of water content 
or temperature. A stability analysis showed the unstable density gradient in the 
partially frozen region was not sufficient to lead to convection. It was tentatively 
concluded that convection resulted from dense brine in the partially frozen region 
overlying less dense brine in the thawed region. Methods for estimating the final 
salinity profiles were not satisfactory since the BPS theory could not be applied 
to the experimental results and a stability theory for the pore fluid could not be 
developed which matched the experimental results. Application of these results to 
field situations is limited because of the restricted horizontal and vertical length 
scales. However, solute redistribution by convection is probably limited to freezing 
soils with large solute concentrations and large permeabilities.
iii
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Chapter 1 
Introduction and Literature 
R eview
1.1 Introduction
The flow of solutes in soils has been the subject of increasing scientific interest 
in recent years due to the potential effects of solutes on the biological, chemical 
and physical processes occurring within soils. Phenomena associated with solute 
movement in soils during freezing have been investigated because of their effects 
on agricultural production, mechanical properties of soils, and environmental con­
ditions in soils which may lead to the concentration of solutes to  potentially haz­
ardous levels. Agricultural interest in solute movement has resulted from a need 
to understand the fate of solutes which have been either applied or accumulate 
in soils th a t freeze annually. Freezing induced movement of fertilizers applied to 
soils and solutes that accumulate in the root zone as a  result of irrigation are 
of interest because they strongly affect crop yields. Engineers designing offshore 
structures in the U.S. and Canadian Arctic have been interested in the  mechani­
cal properties of thawed, frozen and partially frozen soils. Fill material used for 
offshore gravel islands and causeways is typically saturated with seawater and the 
potential redistribution of solutes as the fill material freezes affects the strength of 
the m aterial and the structure. Subsea pipelines which may be used in the future 
to transport oil onshore from wells located in the Beaufort or Chukchi Seas are 
a potential heat source which could degrade subsea permafrost and decrease the 
mechanical strength of the soil surrounding the pipeline. Environmental interest 
in the distribution of solutes in freezing and thawing soils has resulted from a
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2need to understand the fate of de-icing salts applied to roadways, salts applied to 
roadway and railroad beds to mitigate the effects of frost heave, and herbicides 
applied to rights of way along roads, railroads, and powerlines. Chemicals used in 
each of these situations all require repeated applications to remain effective.
Agricultural, engineering and environmental interests all have a need to  un­
derstand the fate of solutes in soils that freeze annually; however, relatively little 
theoretical or experimental research has been conducted in this area. Research 
into the factors affecting the distribution of solutes in soils that freeze annually 
has been directed towards obtaining an understanding of the influence of potentials 
which develop during freezing on the distribution of solutes. Potentials which may 
affect the distribution of solutes during freezing include: matric, osmotic, chemi­
cal, surface (which includes mineral grain curvature), electrical and gravitational 
potentials. The influence of these potentials on the distribution of solutes during 
freezing is unclear, but research suggests that the important parameters are grain 
size, degree of saturation, solute concentration and freezing rate (Kay and Perfect
1988).
The present level of understanding suggests that the grain size and degree of 
saturation within the soil during freezing may affect the distribution of solutes 
in three general ways. First, during freezing in saturated coarse-grained soils, 
experimental results suggest that solutes are concentrated by freezing and are 
affected by the gravitational potential such that relatively dense pore fluid in 
the partially frozen soil displaces less dense solutions in the thawed soil (Mahar, 
et al. 1983, Wilson 1983, Baker 1987, Baker and Osterkamp 1988, Baker and 
Osterkamp 1989). In this case, convection of the pore fluid dilutes solution in the 
partially frozen upper portion of the soil and increases the concentration of solutes 
in solution within the thawed, lower, portion of the soil. Second, during freezing 
in fine-grained, saturated, frost susceptible soils, solutes appear to migrate to the 
freezing front during ice lense formation and soil heaving (Kay and Groenevelt 
1983, Konrad 19S9). In this case, solutes are drawn with solution in the thawed 
portion of the soil to the freezing front; however, the potential or potentials which 
develop during freezing that lead to this movement are unclear. Third, in freezing 
unsaturated soils, water appears to move to the cold side of the soil in response 
to a chemical potential gradient which develops due to the tem perature gradient 
in the soil and phase relations between brine and ice (Hoekstra 1966, Cary and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3Mayland 1972, Oliphant, et al. 1983, W uttig 1988). It would appear that in this 
case the presence of solutes in the soil could actually increase the flux of material 
to the cold side of the soil by increasing the amount of liquid water within the 
soil. However, this hypothesis.has not been clearly proven either experimentally or 
theoretically. To summarize these three cases, the effects of solutes on a naturally 
freezing soil may be to increase the solute concentration under the partially frozen 
layer or near the base of the ^ctive layer, or to increase the solute concentration 
near the middle of the freezing active layer. Finally, during freezing in saturated 
coarse-grained soils, the solute concentration changes, however, the gravimetric 
water content remains essentially constant. In unsaturated or frost susceptible 
soils, both the solute concentration and gravimetric water content change during 
freezing.
The movement of solutes in soils containing ice can occur because the soil is 
only partially frozen and is still permeable to flow, but at a much reduced level. 
Numerous measurements have been made of the permeability of partially frozen 
fine-grained soils that contain no added dissolved solutes (Perfect and Williams 
1980, Oliphant. et al. 19S3, Horiguchi and Miller 1983, Yoneyama, et al. 1983, 
Black 1990). These results show that hydraulic conductivity decreases several 
orders of magnitude between 0 °C and -1 °C. At temperatures below -1 °C the 
hydraulic conductivity is relatively constant (Kay and Perfect 1988). Black (1990) 
notes that no measurements have been published reporting the permeability of 
partially frozen fine or coarse-grained soils which contain dissolved solutes.
In an effort to increase the level of understanding associated with the move­
ment of solutes in freezing soils, a laboratory investigation was initiated to study 
phenomena, associated with gravitationally induced movement of the pore fluid 
during freezing. This study involved freezing a coarse-grained soil (composed of a 
medium to fine-grained silica sand) saturated with NaCl solutions of known initial 
concentration. The purpose of this thesis is to present and interpret the results 
of these experiments. The remainder of this chapter will present a review of the 
literature pertaining to the effects of freezing on the distribution of solutes in met­
als, in ice and in coarse-grained soils; the chapter ends with a statement of the 
research objectives of the thesis. Subsequent chapters will present material which 
will include: design of the laboratory apparatus in which the experiments were 
conducted; methods used in the laboratory investigation; results of the laboratory
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4investigation; interpretation of the experimental results; summary of conclusions 
and suggested areas of additional research.
1.2 L iterature R eview t
In fine-grained soils significant amounts of unfrozen water may exist at tempera­
tures below the freezing point of the pore fluid (Oliphant, et al. 1983). Surface 
potentials on the mineral grains in fine-grained soils alter the freezing properties 
of the pore fluid resulting in the unfrozen water. However, surface potentials are 
reduced when the pore fluid contains dissolved solutes. For example, an investi­
gation conducted with swelling clays, one of the most frost susceptible types of 
soils, saturated with saline solution to ~  5 ppt showed that the phase relations 
were modified more by the presence of dissolved salts in the pore fluid than by 
the mineral grains (Yong, et al. 1978). If the phase relations in the most frost 
susceptible of soils containing solute concentrations of 5 ppt were modified more 
by the presence of solutes than by the mineral grains, then coarse-grained soils 
saturated with saline solution of seawater concentrations should be negligibly af­
fected by surface potentials and the phase relations for a saline solution may be 
applied to the soil. Further, desalinization of the partially frozen coarse-grained 
soil saturated with saline solution may be similar to the desalinization of a freez­
ing saline solution, sea ice for example. The purpose of this section is to review 
the literature on the processes leading to the redistribution of solutes during the 
solidification of metals, of ice grown from a saline solution, and then to review 
results from investigations involved with freezing coarse-grained soils saturated 
with saline solution.
1.2.1 Solute Redistribution and Heat Flow During the So­
lidification of Metals
Solidification of many substances involves the formation of a relatively pure solid 
from a relatively impure solution. Solidification of such a two component system, 
a lead tin melt or NaCl dissolved in water for example, is referred to as binary 
solidification (Flemings 1974) and results in the formation of two phases, solid and 
liquid phases, each with a concentration fixed by the temperature of the system.
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5Solutes rejected from the solid during its formation are expelled to the liquid at 
a solid-liquid interface. This interface may be planar, in which the solid contacts 
the liquid a t a  sharp front, or diffuse, in which the transition from a solid to  a 
liquid occurs over a  large distance perpendicular to the interface growth direction. 
Conditions which cause the planar solid-liquid interface to change to a  diffuse 
one have been shown to  be due to a small amount of supercooling of the  liquid 
in front of the interface (R utters and Chalmers 1953). This type of supercooling 
has been termed constitutional supercooling and occurs because the diffusivity of 
heat is several orders of magnitude greater than the molecular diffusivity of the 
solution. The large difference between the diffusivity of heat and solutes leads to 
the development of a small region in front of a  planar solid-liquid interface th a t is 
supercooled and morphologically unstable to perturbations of the solid extending 
into the liquid, Figure 1.1. Conditions tha t lead to constitutional supercooling of 
the melt in front of the solid-liquid interface results in the transition from a planar 
to a  cellular to a dendritic and ultimately to a globulitic interface tha t contains 
both  solid and liquid (Viskanta 1988). The stability criterion for an interface to 
remain planar during solidification has been presented in detail by Flemings (1974) 
for metals and by Weeks and Ackley (1982) for sea ice.
BPS theory (Burton, Prim  and Schlichter 1953, 1953a) was developed as a 
m ethod of calculating the amount of impurity incorporated within a solidifying 
m aterial based on the ratio of impurity concentration on either side of the interface 
(defined as the effective distribution coefficient) and the velocity of the interface. 
The basis for BPS theory is tha t the flux of solute rejected into the liquid at the 
moving solid-liquid interface is balanced by the flux of solute tha t diffuses from 
this interface into the bulk liquid. A balance between the fluxes into and out 
of the interface results in the formation of a boundary layer with greater solute 
concentration than the solid and remaining bulk liquid in front of the solid-liquid 
interface. The interface velocity is assumed to be constant and once solutes be­
come incorporated into the solid they are assumed to remain in the solid. W ith 
BPS theory, knowledge of the interface growth velocity and an experimentally de­
termined relation between the distribution coefficient and the freezing rate  allows 
the solute concentration in the solid to be calculated.
The assumptions used to formulate the BPS theory are no longer valid at a
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Figure 1.1: A schematic representation of the process that leads to the 
formation of a constitutionally supercooled layer in front of a solid-liquid 
interface, from Flemings (1974). The first figure shows the solute enriched 
region in front of the solid-liquid interface tha t results from the rejection of 
solutes from the liquid to the solid. The second figure is a stable interface 
because the freezing temperature of the solution is less than the solution 
tem perature. The th ird  figure is an unstable interface because the freezing 
tem perature of the solution is greater than the solution temperature. A 
combination of a small temperature gradient and a small molecular dif­
fusivity leads to  the interface becoming constitutionally supercooled and 
unstable.
diffuse solid-liquid interface. Solute redistribution in the diffuse region is referred 
to  as macrosegregation and occurs as a result of convection within the partially 
solidified region (Flemings 1974). Macrosegregation is a term  used to describe 
solute redistribution at a diffuse solid-liquid interface and takes into account con­
vection within the bulk liquid as well as convection within the partially solidified 
region. Techniques to determine the mode of convection within castings during 
solidification mainly involve numerical solutions and these analyses suggest that 
the mode of convection in the partially solidified region may be different than the 
modes in the bulk liquid (Chen and Chen 1988). Analytical techniques to deter­
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within the system are not available. Numerical techniques to determine the final 
solute concentration in the metal have only recently been developed (Maples and 
Poirer 1984, Voller, et al. 1989).
Convection within the partially solidified region results not only in the redistri­
bution of solutes during solidification, but also in an increased heat transfer within 
the system. If the velocity of convecting fluid becomes large, then temperature 
fluctuations develop in the partially solidified region which result in the formation 
of bands of solute enriched regions within the material tha t are perpendicular to 
the direction of heat flow (Flemings 1974). In these situations, convection in the 
partially solidified region can lead to local remelting and the formation of isolated 
channels, or freckles, which are the last material to solidify and are of eutectic 
concentrations (Flemings 1974, Glicksman, et al. 1986).
1.2.2 Brine Movement in Ice Grown from a Saline Solution
Solidification of a  two component saline solution of NaCl with concentrations less 
than 233.1 ppt and at constant pressure results in phases of brine and essentially 
pure ice (Heiss and Kuhajek 1983). If the brine and ice are contained in a vessel 
which maintains the initial mass of the system, lowering the temperature of the 
vessel will reduce the fraction of brine (while increasing its concentration) and 
increase the fraction of pure ice until the eutectic temperature is reached. The 
eutectic tem perature of NaCl dissolved in water is -21.12 °C (Heiss and Kuhajek 
1983). If the vessel containing the saline solution is cooled under ideal conditions 
such that the heat flow is in the vertical direction and slow one directional freezing 
occurs, then pure ice forms in which solutes are rejected from the ice into the liquid 
at a  sharp solid-liquid interface. Continued freezing increases the concentration 
of the remaining brine which further depresses the freezing point of the remaining 
solution. In practice, however, virtually any commonly observed growth situation 
involving a salt solution results in the interface becoming unstable early during 
its growth leading to cellular growth and the formation of a diffuse solid-liquid 
interface (Weeks and Ackley 1982). Solute redistribution by convection results 
in large amounts of brine becoming incorporated within the ice. The brine sub­
sequently drains from the partially frozen region (any region above the eutectic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8temperature) leading to a  decrease in the overall salinity, or bulk salinity of the 
ice.
Weeks and Lofgren (1967) and Cox and Weeks (1975) recognized the similar­
ity between the solidification of metals and the freezing of seawater. They used 
concepts associated with constitutional supercooling to characterize the morpho­
logical stability of an ice interface to perturbations from the ice extending into the 
liquid region. Nakawo and Sinha (1981) showed that salinity profiles in first year 
sea ice could be expressed in a  form which results from the BPS theory. They 
concluded that by specifying only the ice growth velocity the bulk salinity of first 
year sea ice could be determined. The ice growth velocity was measured at the 
top of the dendritic layer where the ice layers began to bridge (Cox and Weeks 
1975).
Laboratory measurements of growing NaCl ice (Weeks and Lofgren 1967) and 
field measurements of sea ice (Cox and Weeks 1975) have documented that sea ice 
incorporates large amounts of brine between crystals during its growth and that it 
rapidly desalinates to solute concentrations that are several percent of the initial 
solute concentration. Laboratory investigations into the mechanisms leading to 
the rapid desalinization of the ice have shown that a process referred to as brine 
drainage is responsible for the observed desalinization of the ice (Cox and Weeks 
1975). These authors describe brine drainage as a  process that results when colder, 
dense, saline brine within the ice sheet drains into warmer, less saline, and less 
dense fluid below the ice. They also have shown that solutes move within the ice 
sheet without a change in solvent concentration (water content). It was observed 
that brine drained from the ice and it appears that solution from some other less 
saline region took its place.
The experimental results of Cox and Weeks (1975) showed that a convective 
process, which they called brine drainage, was responsible for the desalinization of 
sea ice; however, their results did not provide insight into the dynamics of the mo­
tion leading to the desalinization. In laboratory studies of salt ice grown between 
closely spaced plexiglass sheets Eide and Martin (1975), and Niedrauer and Martin 
(1979) investigated the movement of brine within the cellular or dendritic region 
near the base of growing salt ice. Observations of brine drainage features made 
during both of these studies indicated that brine drainage channels seperated fin­
gers of solution which extended from the fluid underneath the ice up into the ice.
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by Niedrauer and Martin (1979). Their observations showed tha t the fingers have 
a width scale of ~1 centimeter and are separated by brine drainage channels tha t 
have a width scale of «1 millimeter. Observations in each of these studies have 
indicated that the fingers continued moving up into the ice until the dye, used to 
trace the fingers, became too dilute to clearly observe their movement.
The laboratory study of Niedrauer and Martin (1979) also measured the flux of 
brine from the drainage channels in the growing ice and compared their measure­
ments with calculations of the flux from the growing ice due to brine expulsion1. 
Their results indicated that under the most favorable circumstances the calculated 
flux of material exiting the brine channels during ice growth was less than 3% of the 
measured flux. The remaining 97% of the flux of brine from the drainage channels 
they associated with convection throughout the partially frozen ice. Convection 
within the ice is presumably associated with their observation of fingers of brine 
moving up into the ice from below.
1.2.2.1 Summary of Solute Movement in Ice Grown from a Saline So­
lution
In summary, the formation of a cellular or dendritic structure and the incorpo­
ration of large amounts of brine within ice grown from a saline solution may be 
understood in terms of constitutional supercooling, a phenomenon in which fluid 
immediately in front of a solid-liquid interface is supercooled a slight amount caus­
ing it to become unstable to perturbations in the interface. The instability in the 
interface leads to the formation of a cellular or dendritic interface in which large 
quantities of brine become incorporated within the ice. Brine incorporated within 
the ice during its formation drains from the ice, mixing with less dense fluid below 
the dendritic or cellular layer. Immediately above the cellular region, brine has 
been observed to drain from the ice through a phenomenon referred to as brine 
drainage. Dense brine draining from this region is replaced by less dense brine 
from lower, less saline, regions. These observations are consistent with observa­
tions of solidification at a diffuse interface in metals. Finally, it has been shown
^ h e  density difference between brine and ice leads to a small amount o f  brine move­
ment within the partially frozen ice during solidification. The movement o f  brine from a 
solidifying ice sheet due to this density difference is termed brine expulsion.
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th a t by measuring the growth velocity of first year sea ice immediately above the 
cellular region, the salinity of the ice may be determined using the results of the 
BPS theory. BPS theory is developed under the assumption of a  balance between 
the flux of solutes into the interface by rejection and the diffusion of these solutes 
from the interface. Application of BPS theory to the desalinization of sea ice does 
not m atch observations made during the growth of sea ice which suggests that 
phenomena associated with macrosegregation may be im portant in the desaliniza­
tion of sea ice; however, the BPS theory seems to predict the bulk salinity of sea 
ice reasonably well.
1.2.3 Solute M ovement and Heat Flow in Freezing Coarse­
Grained Saline Soils
The presence of solutes within the pore fluid of a freezing soil complicates methods 
used to calculate freezing rates and physical properties of the soil because the 
pore fluid does not change phase at a constant tem perature bu t over a range of 
tem peratures. Convection of solutes within the thawed and partially frozen soil 
further complicates efforts to model the heat transfer and mechanical properties of 
the soil because both depend on the phase relations; the phase relations depend on 
the bulk salinity of the soil which is affected by convection (Wilson 1983). Previous 
investigations into the effects of solutes on freezing soils have concentrated on 
determining the effects of solutes on the heat transfer and the conditions which 
lead to  solute movement in the soils. The purpose of this section is to review the 
experimental and theoretical literature pertaining to the effects of solutes on the 
heat transfer during freezing in coarse-grained soils and the effects of freezing on 
the distribution of solutes in the soil. This section will be divided into two parts, 
the first part will review the experimental studies and the second part will review 
the theoretical studies.
1.2.3.1 Experim ental Studies
Wilson (1983) and M ahar, et al. (1983) presented results of a laboratory investi­
gation on the effects of solutes on the heat transfer tha t occurred during freezing 
in a  saturated coarse-grained soil obtained from Prudhoe Bay, Alaska. The lab­
oratory investigation of Wilson (1983) consisted of freezing columns (dia.=0.42
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length=0.71 m) of coarse-grained soils saturated with saline solution ranging in 
concentration from 0 ppt to 82 ppt. Seventeen freezing tests were conducted on 
a  soil that ranged from a gravelly sand to a sandy gravel with a mass average 
particle diameter of 4.7xl0-3 m. Freezing conditions were such that freezing took 
place from the top down under approximate Neumann conditions2 using surface 
temperatures between -2 and -9.4 °C. Each column was frozen over a period of 
several days. Freezing conditions resulted in temperature gradients near the in­
terface that ranged from 1 to 30 Permeability of the soil was not measured at 
any time during this investigation.
Bulk salinity profiles were measured at the start and at the end of each freez­
ing experiment to determine the change in solute concentration during freezing. 
Results of these measurements indicated that freezing resulted in an increase in 
solution concentration at the base of the column and a decrease in solution con­
centration in the partially frozen region of the column. In general, the amount of 
redistribution increased as the surface temperature was decreased with the max­
imum bulk salinity change of between 17 and 40% of the initial salinity. The 
minimum bulk salinity occurred several centimeters above the ice-bonded inter­
face. Bulk salinity in the frozen portion of the column was greater than the initial 
bulk salinity at a distance of 60 to 80% of the maximum freeze depth (determined 
by bonding and visual inspection for ice crystals). Gravimetric water content of 
the frozen or thawed soil were not measured during this investigation.
Observations of the partially frozen column at the end of a freezing experiment 
indicated, in general, that the ice-bonded interface was a diffuse interface much 
like diffuse interfaces observed during the solidification of metals and sea ice. The 
diffuse interface was a zone of soil which was not bonded by ice, but which was often 
observed to contain ice crystals (Wilson 19S3). Freezing test summaries described 
this diffuse interface as a transition interface between mechanically bonded soil 
and thermodynamically thawed soil extending over a distance of up to 8xl0-2 m 
and often containing visible ice crystals.
Wilson’s results indicate that the solid-liquid interface moved up to 300%
-Approximate Neumann boundary conditions consist o f constant initial, base and sur­
face temperatures each of which may be different; however, for freezing T ,UrJ <  T iase <
Ti„it. The approximation is due to the finite length o f the column, classic Neumann 
boundary conditions assume a half-space and no lateral heat conduction.
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faster for a given set of freezing conditions when the the pore fluid contained 
solutes initially at 16 ppt than when the pore fluid was distilled water. Wilson 
(1983) concluded from the investigation that efforts to model soil freezing using 
standard finite difference techniques were unsuccessful because the model did not 
take into account the effects of a continuous phase change and distributed latent 
heat nor changes in the bulk salinity with time. Wilson (1983) suggested that 
diffusion of solutes from the partially frozen region to the thawed region was 
a contributing mechanism to the redistribution of solutes since solution in the 
partially frozen region of the column was more concentrated than near the base. 
Mahar, et al. (1983) interpreted Wilson’s bulk salinity profiles to be a result of 
brine drainage during freezing in a manner similar to the processes that occur 
during the formation of sea ice.
A laboratory investigation on a soil similar to the type used by Wilson (1983) 
was conducted on a soil saturated with saline solution to determine the latent heat 
of fusion in the soil (Vinson and Jahn 1985). The soil used in this investigation 
was obtained from Prudhoe Bay, Alaska and was classified as either a gravelly 
sand or a  sandy gravel with less than 2% fines (percent passing the No. 200 sieve). 
It was saturated with seawater solutions of three different concentrations, 15, 30 
and 50 ppt, in three separate tests. The relationship between freezing temperature 
and salinity, and between the latent heat and temperature were calculated using 
relations given by Ono (1975) and Assur (1958) for seawater. Thermal resistance 
of the cell was calculated by testing the soil saturated with distilled water. Each 
of the tests on the soil containing saline solution was conducted on a thawing soil 
which had been rapidly frozen prior to the test. This procedure was followed to 
avoid potential complications due to supercooling the pore fluid which could occur 
during a freezing test.
Results of the study by Vinson and Jahn (1985) were used to calculate the 
latent heat as a function of temperature and the total latent heat between the 
minimum test temperature (typically -14 °C) and the freezing temperature of the 
solution. A comparison between the amount of latent heat released as a function 
of temperature and the theoretical curve (Ono 1975) suggests the two agree to 
within a few percent. A comparison between the theoretical and measured latent 
heat released between temperatures of -14 °C and the freezing temperature of
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the solution showed that the measured latent heat matched to  within 4.5%, 0.9% 
and 0.1% of theoretical value at salinities of 15, 30 and 50 ppt respectively. In 
each case the measured value was less than the theoretical value. Changes in 
the distribution of solutes due to freezing were not measured. Consequently, the 
effects of solute movement on the amount of latent heat released could not be 
measured or estimated. Results from this investigation suggest that application 
of freezing relations derived for seawater solutions may be directly applied to the 
coarse-grained soil tested. It may also be concluded that these results indicate 
tha t surface potentials on the mineral grains tested in this study had minimal 
effects on the latent heat released during freezing.
A laboratory investigation into the effects of freezing on the distribution of 
solutes in sand filled columns saturated with NaCl solution and frozen at constant 
rates was performed by Baker (1987). Subsequent reports and interpretation of 
these results have been presented by Baker and Osterkamp (1988), Baker and 
Osterkamp (1989) and Baker, et al. (1990). In these tests the sand used was 
a  medium to fine-grained silica sand sieved to pass the 30 but not the 60 sieve. 
Freezing took place from the top down at constant rates tha t ranged from 1.2xl0-8 
to 2.2xl0-7 f  by pulling columns (dia.=6.03xl0-2 m, length=0.42 m) from a glycol 
bath  at -0.6 °C into a refrigerator at -14 °C. Six columns were mounted in the 
apparatus to  be frozen with the first column removed after approximately 3-10 
days of freezing (depending on the freezing rate) and approximately equally spaced 
intervals thereafter. A feature of this freezing apparatus was that the temperature 
gradient near the interface ranged from 79 to 120
Results of this investigation were, in general, similar to the salt redistribution 
results obtained by Wilson (1983). However, the experimental apparatus used by 
Baker (1987) allowed for the measurement of the redistribution of solutes as a 
function of time. Baker (1987) showed that the amount of solute redistribution 
was inversely proportional to the freezing rate and the amount of redistribution 
increased with time (see Table 3.3 and Figure 3.10 of Baker 1987). Baker (1987) 
neglected the time-dependency of his data, which is particularly evident at the 
start of freezing, and used results from the BPS theory to describe the exclusion of 
solutes from the growing ice to the liquid ahead of the ice interface. A boundary 
layer region in front of the moving ice-bonded interface of high solute concen­
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tration, predicted by the BPS theory, which could also indicate the form ation of 
horizontal bands of solutes was not observed on a  sampling scale of 1 centimeter. 
Baker (1987) performed a  special freeze test in which small conductivity cells were 
placed within a  column to determine if a boundary layer enriched in solutes formed 
ahead of the downward moving ice-bonded interface. Results of this test showed 
th a t a boundary layer could not detected to within the 5xl0-4 m resolution of the 
the conductivity cells.
Baker’s results also showed that solutes were redistributed in the partially 
frozen region some distance behind the ice-bonded interface. Baker (1987) (see 
Figure 3.8 of Baker 1987) shows tha t up to 40% of the redistribution of the so­
lute occurred behind the ice-bonded interface. Baker (1987) also shows th a t ap­
proximately 10 to 20% of the solute redistribution occurred further than  several 
centimeters behind the ice-bonded interface. His results generally show th a t re­
distribution of solutes occurred without a corresponding decrease in gravimetric 
water content (except near the surface and the ice-bonded interface where they 
sometimes change up to several percent), an indication th a t convection was oc­
curring in the partially frozen region. Baker (1987) hypothesized that convection 
in the partially frozen portion of the sand occurred in a  manner similar to the 
processes leading to the desalinization of sea ice.
Since movement of brine in Baker’s experiments was time dependant and oc­
curred by way of convection through the interface, applicability of the the BPS 
theory to this experiment is questionable. Time variations in the distribution coef­
ficient at constant growth rates (see Table 3.3 in Baker 1987), may be interpreted 
to show that at least one or more physical processes which vary through time are 
as im portant as the freezing velocity in describing the redistribution of solutes in 
his experiment. Further investigation of his results showed that during a  freezing 
experiment the tem perature gradient at the interface increased in time from 79 to 
120 — and the cooling rate at the interface decreased from 5.8xl0-6 to 2 .7xl0-6 —m 0  s
(see Figure 3.7 in Baker 1987).
Baker (1987) and Baker, et al. (1990) showed that the resulting bulk salinity 
profiles could not result from brine expulsion during freezing. By adapting the 
model presented by Cox and Weeks (1975) to determine the amount of brine 
expulsion that could be expected during freezing to the partially frozen columns, 
it was shown that brine expulsion could account for only a  small portion of the
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observed solute redistribution. This conclusion was similar to the conclusion made 
by Cox and Weeks (1975) for laboratory grown NaCl ice.
In a  separate set of laboratory experiments Baker (1987) and Baker and Os­
terkam p (1988,1989) investigated the type of convection tha t led to solute move­
ment in the columns. The laboratory experiments consisted of filling a  portion 
of either a  sand column or plexiglass chamber with sand saturated with a dyed 
saline solution and the remainder with sand saturated with either clear distilled 
w ater or a  clear saline solution of different concentration, typically 35 ppt less 
than  the dyed solution. In virtually every case in which the more saline solution 
overlaid less saline solution, the two layers mixed with fingers of dense saline so­
lution displacing the solution below and fingers of less saline solution displacing 
the solution above. Convection due to viscous fingering generally occurred with 
pore fluid on one side of the cell or column moving down and pore fluid on the 
opposite side moving up. Baker (1987) applied these observations and the results 
of a  stability criterion developed for unstable density gradients in a porous media 
(Wooding 1959) to show that solutes excluded from the solid-liquid interface due 
to ice formation could be advected away from the interface. Baker (1987) referred 
to these fingers as salt fingers and tentatively concluded this type of convection was 
occurring in the freezing columns. Salt fingering was only tentatively concluded 
to lead to  the redistribution of solutes in freezing saline soils because the density 
gradients in the freezing soils are substantially less than 35 ppt step changes in 
concentration used in the salt fingering experiments and because salt fingers have 
never been observed in a  partially solidified system containing ice, brine and soil. 
It should be noted, however, that fingers have been observed during the growth 
of ice from sodium chloride solutions (Niedrauer and M artin, 1979) and during 
thawing experiments in which sand containing frozen, dyed, fresh water overlain 
by sand containing thawed saline solution was allowed to thaw (Baker 1987).
Chamberlain (1983) investigated the effects of saline pore fluid on the rate and 
amount of frost heave tha t occurred while soils saturated with seawater solution 
were frozen. The distribution of solutes within the soils were measured before 
and after freezing several columns of fine-grained soil and one of a silty sand. 
The column of silty sand consisted of a Dartm outh Sand saturated with a 35.7 
ppt seawater solution. The sand contained 40% silts by weight and 1% clay in a
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column 18 centimeters in length. Freezing took place from the top down in three 
stages: the first stage lasted 70 hours and resulted in 11 centimeters of the sample 
being frozen with an interface gradient of 25 the second stage lasted 100 hours 
and resulted in an additional 2 centimeters of the sample being frozen under a 
substantially reduced interface gradient; the third stage lasted 10 hours and the 
remaining 5 centimeters of the sample was frozen.
Results of this test showed that the Dartm outh Sand heaved 2 centimeters 
during freezing. However, the final bulk salinity profile was qualitatively similar 
to profiles presented by Wilson (1983) and Baker (1987). The minimum bulk 
salinity occurred at a depth of 7 centimeters or only 53% of the freeze depth at 
the end of stage 2 freezing. During freezing the bottom portion of the column was 
dessicated and water migrated to the middle portion of the column which resulted 
in the sample heaving. Horizontal bands of solutes were hypothesized but not 
observed. However, bands were believed to be occurring on a scale much smaller 
than the sampling interval.
1.2.3.2 Theoretical Studies
Theoretical studies pertaining to the redistribution of solutes in freezing soils have 
applied results of BPS theory developed during the solidification of metals to 
soils. Hallet (1978) showed that most of the typical freezing rates observed in 
soils resulted in the the region ahead of the interface becoming constitutionally 
supercooled. He also suggested that the ice would nucleate ahead of the constitu­
tionally supercooled region to produce alternating layers of solute enriched zones 
parallel to the isotherms in the soil. Multiple bands of solute enriched zones were 
envisioned as this process repeated itself. He suggested this mechanism as a  way 
to produce the frozen fringes that Miller, et al. (1975) and Aguirre-Puente and 
Fremond (1976) suggest are important to the development of ice lenses in soils. 
Solute banding occurs in metals during solidification when the growth conditions 
are similar to the conditions described by Hallet (1978). However, in metals such 
banding is usually associated with changes in the growth velocity of the interface 
and has not been associated with nucleation of ice ahead of the constitutionally 
supercooled layer (Flemings 1974).
Several investigators have accepted Hallet’s banding hypothesis and attem pted
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to predict the concentration of solutes in bands forming in soils (Kay and Groen- 
evelt 1983). Their research suggests that the concentration of solutes in the band 
can be up to 80 times greater than the initial solute concentration. Other inves­
tigators have attem pted to measure areas of increased concentration that could 
be associated with banding at the solid-liquid interface (Chamberlain 1983, Baker 
1987). Their measurements involved measuring the concentration of solute in both 
the solid and in the liquid ahead of the solid-liquid interface. Their results did not 
indicate the presence of zones of enriched solute concentration on a length scale 
that was at least «  5xl0-3 m (Baker 1987).
In contrast to  the predominance of experimental studies involving the redistri­
bution of solutes during freezing, most research into the conduction of heat during 
solidification has involved theoretical studies. Such phase change solutions are 
non-linear in the absorption or liberation of heat at the phase change interface; 
consequently few complete analytical solutions exist. Solutions that do exist are 
one-dimensional particular solutions to the imposed boundary conditions (Lunar- 
dini 1988). Theoretical studies of heat conduction during a change in state that 
are of concern for this research are those that take into account the phase change 
at a planar interface and the phase change at a diffuse interface. Neumann (c. 
1860) is credited with obtaining the first solution to the conduction of heat during 
a phase change (Carslaw and Jaeger 1959). Neumann’s solution involves seeking 
solutions to the heat conduction equation for a  two layered solution of ice over­
lying water with all the latent heat from freezing liberated at a planar interface 
between the layers. Boundary conditions for this problem consist of constant ini­
tial temperature, constant temperature as x  —► oo and a constant surface freezing 
temperature applied at t =  0. The phase change boundary condition is satisfied 
by specifying the interface location as a function of time to be oc t* .
Cho and Sunderland (1969) presented an analytical result in which freezing 
occurs over a range of temperatures between a solidus and liquidus temperature 
which are taken to be constant during freezing. This solution considers the latent 
heat of fusion to be released uniformly between the solidus and liquidus. However, 
for situations involving the solidification of saline solutions, most of the latent heat 
is released near the liquidus temperature. The phase change boundary condition 
was satisfied using the same techniques as used by Neumann. Application of such 
a solution to the solidification of ice containing saline solution is not practical
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because the latent heat released is not distributed uniformly between the solidus 
and liquidus temperatures and temperatures which are less than the solidus tem­
perature of salt ice (<  —21.12 °C) are not routinely encountered.
Osterkamp (1987) presented an analytical solution to the phase change problem 
that takes into account the distributed latent heat present at a diffuse interface. 
This solution consisted of constructing a series of layers, evenly spaced in temper­
ature, which have constant temperature boundaries. W ithin each of these layers 
the distributed latent heat associated with the phase change is assumed to be con­
stant and incorporated within the heat capacity to form an effective diffusivity. 
A solution for each layer is obtained in a manner similar to Neumann’s method; 
however, the phase change boundary condition is greatly simplified by incorpo­
rating the latent heat into the heat capacity. An effective heat capacity for each 
layer reduces the heat conduction-phase change solution problem to a series of 
heat conduction problems each with constant thermal properties in a given layer, 
constant temperature boundaries and continuous heat flux at each boundary. In­
creasing the number of layers decreases the temperature difference for each layer 
which makes the solution a more accurate representation of the distributed latent 
heat released during freezing.
A comparison between the solution of the 2 layer phase change problem solved 
by Neumann and the n layer solution to the phase change problem solved by 
Osterkamp (1987) gives insight into the differences in the heat conduction asso­
ciated with a planar and diffuse interface. Osterkamp (1987) compared cases for 
the situation in which a one-dimensional coarse-grained soil saturated with saline 
solution of seawater concentrations was frozen without any solute redistribution 
during freezing. These results showed that for given freezing conditions the diffuse 
interface moved 34% further than the two dimensional planar interface over a  10 
year period. At shorter times the percentage difference in depth of propagation 
between the two solutions increases. Differences in the interface growth rate are 
due to the distributed latent heat released during solidification and the rate of 
propagation of a temperature disturbance instead of a  phase boundary through 
the soil.
A comparison between the two layer solution and the n  layer solution also 
highlights the effect of the phase change over a range of temperatures, due to the 
presence of the solutes, on the heat conduction. The presence of solutes cannot
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be taken into account with the 2 layer solution, therefore, all of the latent heat is 
released at the solid-liquid interface. The n  layer solution, however, can take into 
account the presence of solutes through the distributed latent heat. Distribution 
of the latent heat between the freezing tem perature of the bulk solution and the 
eutectic tem perature shows tha t the solutes affect the brine volume throughout 
the partially frozen region. However, this effect is not uniform between 0 °C and 
the eutectic tem perature. Curvature associated with the phase diagram for NaCl 
is zero at 8.9 pp t and negative at greater salinities. For a solute concentration less 
than about 9 ppt the effect on the freezing relations is small and they affect the con­
duction of heat mainly near the freezing point. For a  solute concentration greater 
than about 9 ppt the effect on the freezing relations is large and increases with 
initial solute concentration. In this case, the solute affects the conduction of heat 
between the freezing tem perature and the eutectic tem perature. The conclusion 
tha t may be drawn from the shape of the NaCl phase diagram and a comparison 
the 2 layer solution to the n layer solution is tha t the solutes affect the flow of 
heat during freezing and tha t these effects increase with solute concentration. It 
is clear tha t the flow of heat depends on the solute concentration, or tha t the heat 
flow is coupled to  the concentration of solutes in the soil.
1.2.3.3 Summary o f Solute M ovement and Heat Flow During Freezing 
in C oarse-G rained Saline Soils
Wilson (1983) showed tha t coarse-grained soils from Prudhoe Bay, Alaska which 
had been saturated with saline solution and unidirectionally frozen led to the 
transport of solutes from the partially frozen portion of the column to the thawed 
portion of the column. A process similar to brine drainage was thought to occur 
during freezing and was suggested as a mechanism to explain the redistribution of 
17 to 40% of the solutes over a distance of several tens of centimeters in a several 
day period. The presence of a  diffuse interface was noted in virtually every freezing 
experiment in which the soil was saturated with a saline solution.
Vinson and Jahn  (1985) performed freezing experiments on a  coarse-grained 
soil obtained from Prudhoe Bay, Alaska to determine if the mineral grains of the 
soil had a measurable effect on the latent heat of freezing. Their results suggest 
tha t, for a soil with a  mass average particle diameter of 4.7xl0~3 m and less than
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2% fines, mineral grains have a negligible effect on the quantity of latent heat 
between the freezing temperature and -14 °C for seawater salinities of 15, 30, and 
50 ppt. Their study showed that the latent released as a function of temperature 
compared favorably to the theory developed for seawater suggesting that the phase 
relations for seawater may be directly applied to determine the phase relations of 
coarse-grained soils at temperatures below the freezing point of the solution.
Baker (1987) approached the problem of solute movement in freezing columns 
of medium to fine-grained sand using methods analogous to those which have been 
applied to explain and quantify the desalinization of sea ice. It was concluded that 
the redistribution of solutes in the soil columns due to freezing was by a  mech­
anism similar to  gravity drainage and that the results could be interpreted with 
BPS theory when time variations in the data were neglected. Bulk salinity profiles 
obtained during freezing suggest that a mechanism similar to brine drainage was 
responsible for the movement of brine within the partially frozen region during 
freezing. Salt fingering was suggested as the form of convection leading to  the 
movement of brine that had been excluded from the solid-liquid interface; how­
ever, fingers were not observed in the freezing soil columns. Salt fingers have been 
directly observed in laboratory experiments in thawed sand saturated with solu­
tions of two different salinities, one of which had been colored with a dye. They 
also have been observed during laboratory experiments in which dye was injected 
underneath growing salt ice. Baker’s results showed that the solid-liquid interface 
was a diffuse interface rather than a planar interface (Baker 1987).
Theoretical studies hypothesized that similar processes that occur during the 
solidification of metals occur during the freezing of soils (Hallet 1978). These 
processes include the development of a boundary layer of enriched solute concen­
tration in front of the solid-liquid interface which is subject to the same stability 
conditions as a planar interface and the formation of solute bands in front of 
the solid-liquid interface. However, the hypothesis proposed for the formation of 
banding in soils is quite different from that observed in metals.
Solutions to the heat conduction equation for planar and diffuse solid-liquid 
interfaces are available (Carslaw and Jaeger 1959, Osterkamp 1987). These solu­
tions suggest tha t the mechanisms leading to heat conduction and propagation of 
the phase boundary are quite different depending on the morphology of the inter­
face and tha t the presence of solutes within the soil solution implies a coupling
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between solute concentration and heat flow in the soil. These heat conduction 
solutions do not consider solute redistribution. Analytic solutions to coupled heat 
and solute convection equations are not available.
1.3 Summary o f Solute R edistribution During a 
Change in Phase
Processes that occur during the solidification of metals suggests tha t constitutional 
supercooling may be used to predict the onset of a diffuse interface in metals. If 
the interface is stable and planar, BPS theory has been shown to work well in 
predicting the concentration of solute in the solid and the redistribution of solutes. 
If the interface is diffuse, redistribution of solutes occurs by convection and the 
processes leading to convection are best understood in terms of the fluid dynamic 
instabilities that develop during solidification.
In sea ice research it has been generally accepted that constitutional supercool­
ing results in a transition of the solid-liquid interface from a planar interface to  a 
diffuse interface and that redistribution of solutes is due to convection throughout 
the partially frozen and thawed solution. Application of BPS theory to calculate 
the redistribution of solutes works well, but the theory does not match the ob­
servations made during ice growth. These results suggest tha t at some level the 
desalinization of sea ice is controlled by diffusive processes, or the convection that 
occurs may be such that it can be modeled with an effective diffusion coefficient 
which is much greater than the molecular diffusion coefficient.
Several experimental investigations on coarse-grained soils saturated with saline 
solution and frozen have shown that the interface is diffuse which leads to the in­
corporation of a large amount of brine within the soil which is redistributed by 
convection in the partially frozen region (Wilson 1983, Chamberlain 1983, Baker 
1987). The form of convection in the partially frozen region has been suggested 
to occur by a fingering mechanism (Baker 1987, Baker and Osterkamp 1989) but 
has not been clearly demonstrated. Further, the mechanisms which control the 
onset of convection have not been clearly demonstrated. Neglecting the time de­
pendency in his data, Baker (1987) applied results of the BPS theory to show that 
solute movement in freezing coarse-grained soils may be controlled by diffusive 
phenomena at the interface between the solid and liquid. Time variations in his
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data, which cannot be accounted for with the BPS theory, and the presence of 
convection within the partially frozen region suggest tha t at least one or more 
physical processes which vary through time are as important as the freezing veloc­
ity in describing the redistribution of solutes in soils. Baker’s experiments do not 
provide any insight into the factors that lead to the time variations in his data.
1.4 D issertation  O bjective
The objective of this dissertation is to investigate the fluid dynamic instability that 
leads to convection and the redistribution of solutes during freezing. The redistri­
bution of solutes during freezing by a convective mechanism was first suggested in 
the interpretation of Wilson’s experiment by Mahar, et al. (1983) and quantified 
by Baker (1987). who showed that a gravity drainage phenomenon similar to the 
phenomenon that leads to the desalinization of sea ice led to the redistribution of 
solutes in the freezing soils. In this dissertation, the redistribution of solutes will 
be considered using earlier hypotheses that the fluid dynamic instability which 
develops during freezing leads to convection and the redistribution of solutes from 
the partially frozen region to  the thawed region. Previous research which is based 
on interface stability and the presence of diffusion controlled redistribution, BPS 
theory, may be used to predict the final salinity profiles; however, the theory used 
to estimate the profiles and the observations of the processes that lead to the solute 
redistribution are contradictory. The purpose of this thesis is to directly address 
topics which pert ain to the form of solute movement in the partially frozen region. 
These topics include developing a stability criterion for the fluid in the partially 
frozen portion of the sand, determining the velocity of the convecting fluid as the 
solutes are redistributed, and estimating the magnitude of redistribution that oc­
curs during freezing of fine-grained sand saturated with saline solution. These 
topics will be discussed in reference to experimental data obtained from a series 
of laboratory experiments in which columns of medium to fine-grained sand sat­
urated with saline solution with concentrations of 1, 35 and 100 ppt were frozen 
from the top down under conditions commonly encountered in the Arctic.
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Chapter 2 
Experimented M ethods
2.1 Introduction
A major emphasis of this research was to develop a soil freezing apparatus capable 
of monitoring the distribution of a solute in freezing soils. The soils range from 
fine-grained frost susceptible soils tha t draw fluid to the interface during freezing 
to coarse-grained soils that expel fluid from the interface during freezing. The 
purpose of this chapter is to present material tha t relates to the design, construc­
tion and operation of the freezing apparatus in relation to its use on medium to 
fine-grained sands. The second section presents a  review of experimental methods 
which have been used in investigations of solute movement in freezing experiments 
involving sodium chloride solutions. The third section presents a detailed descrip­
tion of the freezing apparatus including its physical dimensions. The fourth section 
presents details associated with preparation and operation of the apparatus.
2.2 Literature R eview
Methods available to  monitor the distribution of a solute during solidification may 
be classified as destructive or non-destructive and are presented in detail by Page, 
et al. (1982). Destructive methods are all similar in tha t they rely on solidification 
of one or more samples which are removed at different times during solidification to 
be analysed. Examples of destructive techniques include: measuring the electrical 
conductivity of a melted sample; titration of a portion of a melted sample; a direct 
measurement of concentration of the solidified sample with an electron microprobe. 
Non-destructive methods monitor the distribution of impurities remotely during
23
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solidification. Examples of non-destructive techniques include: doping the solute 
w ith a  radioactive tracer and monitoring its movement through time; removing a 
small am ount of liquid from a partially frozen portion of the sample and measuring 
the change in concentration through time; placing electrical conductivity cells in 
the  sample and measuring through time changes in conductivity which may be 
related to  changes in concentration; using time domain reflectometry probes to 
determine solute concentration (Loon, et al. 1990).
Several of these techniques have been applied to  measure the redistribution of 
soluble salts during the freezing of ionic solutions. Cox and Weeks (1975) moni­
tored the distribution of a  solute in growing sea ice by measuring the concentration 
of 22Na with a  scintillation detector. Their tests were conducted with a constant 
hydrostatic head during freezing and the solution was frozen under conditions 
th a t approxim ated Neumann boundary conditions (Carslaw and Jaeger 1959) to 
produce a  growth rate  tha t was proportional to t~ 2 . Wilson (1983) investigated 
the effects of solutes within the pore fluid on the heat transfer tha t occurred dur­
ing the freezing of a  large column (dia.=0.46 m) of soil. W ilson’s tests were also 
conducted with a  constant hydrostatic head and the soil was frozen under con­
ditions th a t approximated Neumann boundary conditions (Wilson 1983). Baker 
(1987) investigated the effects of freezing on the distribution of a  solute by freezing 
columns which were periodically removed during freezing, sectioned, then analyzed 
to  determine the bulk salinity of each section. Bulk salinity measurements on each 
section of a column were used to  construct a profile of bulk salinity for the column. 
Baker (1987) used the bulk salinity profiles obtained during freezing to  monitor the 
solute redistribution tha t occurred during freezing. These tests were conducted 
at constant freezing rates and it appears tha t the hydrostatic head may not have 
been constant during freezing. In situ measurements of solute concentration during 
freezing were made by Loon, et al. (1990) using time domain reflectometry.
Each of the aforementioned experimental methods have advantages and disad­
vantages as methods to monitor the redistribution of solutes as soils freeze. For 
example, doping the salt solution with a radioactive tracer similar to  that used by 
Cox and Weeks (1975) could be an excellent investigative m ethod in soils, how­
ever, the soil grains could act as scattering sources for em itted radiation which 
may result in lost resolution. Drawing solution from the column to  measure its 
concentration using methods similar to those of Wilson (1983) could also work
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well, but experience has shown that even a small degree of undersaturation of the 
soil, which would occur when liquid is removed from the column, may significantly 
alter the transport processes that occur during freezing. Removing columns from 
a freezing apparatus using a method similar to the method used by Baker (1987) 
relies on the assumption that each column, and the processes occurring in each 
column are similar both spatially and temporally. Tests with conductivity cells 
show that they do not operate well in partially frozen environments, implying that 
conductivity cells placed within a saturated soil could only be used in the thawed 
portion of the column. Time domain reflectometry probes have recently been suc­
cessfully used to  measure the bulk electrical conductivity in partially frozen soil 
(Loon, et al. 1990), however, the results obtained from TDR probes indicate an 
average over the length and up to several diameters of the probe (Zegelin, et al. 
1989, K. Kawasaki pers. comm. 1990).
2.3 D esign  and Construction of th e  Freezing A p­
paratus
Based on the design of each of the experiments discussed in the previous section, 
a  combination of the principles used in earlier experiments were incorporated into 
the design and construction of the freezing apparatus built for this investigation. 
The principle used by Baker (1987) of freezing several sand columns which were 
periodically removed during freezing to be sectioned and analyzed was used be­
cause of its high degree of precision in the measurement of bulk salinity. The 
principle used by Cox and Weeks (1975) and Wilson (1983) of freezing from the 
top down, with a  constant hydraulic head, under conditions that approximated 
those tha t occur naturally was used because the effects of a variable interface 
growth rate on the magnitude of solute redistribution could be investigated. A 
combination of these features resulted in a freezing apparatus which consisted of 
an insulated, sand filled box that contained seven vertical sand columns which 
rest on a heated radiator. Adjacent to the sand box was a heated chamber which 
contained the expansion reservoirs for each column and for the sand box used to 
maintain the hydraulic head during freezing. Figure 2.1 is a schematic cross section 
of the freezing apparatus and Figure 2.2 is a schematic plan view of the freezing 
apparatus. Figure 2.3 is a schematic description of the radiator and manifold used
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
in the freezing apparatus. Both the sand box and heated chamber were located 
in an environmental chamber. The purpose of this section is to present, in de­
tail, the physical construction of the freezing apparatus. This section includes the 
physical dimensions and construction details of the freezing apparatus as well as 
the theoretical considerations used to determine various aspects of the apparatus 
design.
2.3.1 Environmental Chamber
The freezing apparatus was located in an environmental chamber so that the con­
ditions which lead to freezing of the sand could be accurately controlled. The 
environmental chamber was a 1.8 m x 3.0 m x 2.5 m high room which utilized 
a Watlow 1500 PID Controller to operate a Barber-Coleman Freon 12/hot gas 
valve. The PID controller was tuned for minimum deviation from set point tem­
peratures which were approximately ±0.3 °C during normal operation. Tuning the 
controller for minimum deviation in the set point temperature resulted in a loss 
of temperature control for rapid temperature changes such as those encountered 
during initial start up of the system or after an approximately twice daily «  5-10 
minute automatic system shutdown to melt frozen condensate on the chambers 
evaporator coils. Precision in temperature ramping capabilities between set points 
was not affected by tuning the controller for minimum set point deviations as long 
as the ramping rate was not too large (< 8xl0-3 ^ ) .  Rapid temperature changes, 
such as those that resulted from a defrost cycle, resulted in deviations of up to 
5 °C from which the system recovered after approximately one hour.
2.3.2 Sand Filled Box Construction
The sand filled box consisted of the 0.216 m3 cubic box that contained the sand 
and sand columns which rest on a radiator to control the temperature at the 
base of the box. The sand box was constructed of 9.5xl0~3 m thick PVC sheets 
held in place with metal bands and strengthened with two sets of iron channel 
placed horizontally around the box. Corners of the sand box were sealed with a 
small amount of Dow Corning 732 Silicone RTV. Insulation, 0.1 m thick extruded 
polystyrene, placed around the sides of the box was also held in place with metal 
bands.
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Cross Section of the Freezing Apparatus
Frame
Figure 2.1: A schematic cross section of the freezing apparatus showing the 
insulated sand box, radiator, heated chamber for the expansion reservoirs 
and frame for the apparatus. The sand columns have not been included in 
this drawing to improve the clarity of the figure. However, sand columns 
are placed in the unshaded region in the sand filled box. Beneath the 
supporting frame is the heated passageway which connects the base of the 
columns with the expansion reservoirs.
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Plan View of the Freezing Apparatus
instrumented
Column
Sand Saturated 
with Saline Solution
PVC Box
Insulation
Figure 2.2. A schematic plan view of the freezing apparatus shown in Figure
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From Temperature Bath
Inlet Manifold
Baffles to Direct 
flow
Outlet Manifold
To Temperature Bath
Figure 2.3: A schematic plan view of the radiator used to control the tem­
perature at the base of the freezing apparatus. Glycol from a Forma Sci­
entific tem perature bath  is distributed and collected through the inlet and 
outlet manifolds. Baffles within the radiator helped to channel the flow 
through the radiator. The eight vertical holes through the radiator are 
passageways for tubes connected to the base of sand box and the seven 
sand columns.
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During freezing it was important that the freezing interface across the sand 
box be as horizontal and planar as possible so that the conditions which led to 
freezing in each column were similar. A horizontal freezing interface implies that 
the conduction of heat was one dimensional which was an important condition for 
avoiding the potential complications associated with two dimensional heat conduc­
tion. The purpose of the sand around the columns was to reduce the horizontal 
tem perature gradients in the vicinity of the columns. To determine the horizontal 
dimensions of the freezing apparatus and the thickness of insulation required to 
produce a horizontal interface in the vicinity of the columns, a two dimensional 
finite difference program to numerically solve the heat conduction equation was 
developed for the sand box. This model employed an explicit enthalpy method 
(Voller and Cross 1981) to calculate the position of a downward moving freezing 
interface in a coarse-grained sand saturated with pure water. A lxlO "2 m node 
size was used in the model; consequently, the sand was treated as a homogenous 
unit neglecting the effects of the PVC sidewalls or sleeves since each of these fea­
tures were less than lxlO -2 m in horizontal extent. Boundary conditions for this 
model included: a  constant initial temperature, constant temperature at the base 
of the apparatus, constant surface temperature on the top and sides of the freezing 
apparatus and a constant phase change, or freezing temperature. The interface 
location calculated with this model was considered smooth and horizontal if the 
0 °C isotherm deviated by less than 10-2 m across the apparatus during the freez­
ing of the top 0.3 m of sand. Results from this model indicated that a cubic box 
0.6 m on a side and insulated with 0.1 m of polystyrene insulation would be more 
than adequate to produce a horizontal interface in the region of the columns.
The seven vertical tubes that sleeved the sand columns were arranged in a 
hexagonal pattern  about the middle of the box and were attached to the base of 
the sand box so that the sand columns could removed during freezing. Each sleeve 
was constructed of schedule 40, 3 inch nominal (I.D.=8.94 xlO-2 m, O.D.=1.02 
x l0 _1 m) PVC tubes that were threaded on one end to screw into a  schedule 80, 3 
inch pipe coupling mounted on the base of the box. Each schedule 80 coupling was 
mounted on the base of the apparatus with six brass countersink machine screws 
tapped into the coupling. A seal between the base of the box and the coupling 
was made with Dow Corning 732 Silicone RTV. The length of the PVC sleeve, 
when attached to the coupling, was 0.60 m. A seal between the sleeve a.nd the
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coupling was made by coating the threads of the sleeve with W hitlam Black Magic 
Industrial Grade Pipe Thread Compound.
Sand columns were constructed to fit into the PVC sleeves so tha t periodically 
during freezing each could be removed from the freezing apparatus without dis­
rupting the other columns or the sand box. Figure 2.4 is a schematic drawing of 
the construction of a  column and shows the location of an expansion reservoir in 
relation to the top of a column. Sand columns were constructed of Tenite Bu- 
tyrate tubing 8.890xl0-2 m in diameter. Convection in the annulus between the 
sand column and PVC sleeve was avoided or significantly reduced because of the 
tight fit between the sleeve and the sand column. The thickness of the annulus 
between the two cylinders was only 2.5xl0“4 m and also the unevenness of the of 
the diameter of both the PVC and Tenite Butyrate tubing resulted in the tight 
fit.
Each sand column was sealed on both ends to contain the sand and pore fluid 
solution within the column while the sand was saturated and during freezing. The 
bottom was sealed with an aluminum plate 1.91xl0-2 m thick with an outside 
diameter machined to be 2.5xl0-4 m larger than the inside diameter of the Tenite 
Butyrate tubing. It was sealed and held in place with a small amount of Dow 
Corning 732 Silicone RTV. The top was sealed with an aluminum plate 6.3xl0-3 
m thick with an outside diameter machined to be 3.2xl0-4 m smaller than the 
inside diameter of the Tenite Butyrate tubing. It too was sealed and held in place 
with a  small amount of silicone RTV. The top seal was loose so that if the sand 
heaved during freezing the top seal would break rather than the bottom one. Both 
top and bottom aluminum plates on each column were center drilled and tapped 
to accept a  |  inch pipe thread to male serrated hose fitting which facilitated filling 
the columns with fluid. Both top and bottom aluminum plates were fitted with 
bronze sintered filter elements to retain sand within the column as fluid passed 
through it during filling and during freezing.
Two thermistors were imbedded in the base plate of the instrumented column 
at a known spacing to measure the heat flux through the base of the column. 
These thermistors were calibrated similarly to the other thermistors used in this 
investigation, see Section 2.3.3. The two thermistors were placed in holes drilled 
with a #45 drill so that they were positioned halfway between the center and edge 
of the plate. They were separated by a vertical distance of 6.14xl0-3 m (center
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Expansion roaorvoir
To bass o f eolumn
Aluminum .cap
sz
Sand aaturatad with aalina aolution
Tanlta Butyrata Tubing 
2 7/S* diamatar 1 /1 6 ' wall
Bronza aintarad fllta r alamant
Aluminum baaa ■
Not to acala
Flltar alamant
Sllicona RTV
1 /4 ' NPT hot# fitting
To top of axpanaion raaarvoir
Figure 2.4: A schematic view of the sand columns used in the freezing ex­
periments. Sand columns were placed in the sand box to freeze, Figure 2.1, 
and were periodically removed during freezing to monitor the distribution 
of the solute in the column. During freezing, the top of the column was 
capped and the base was connected to the expansion reservoir. Freezing 
took place with the top of the column level with the drip mark on the 
expansion reservoir.
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to center distance) and were placed such th a t they were approximately halfway 
between the top and bottom  of the plate. The aluminum plate was composed of 
Alcoa 6061-T6 alloy which has a  thermal conductivity of 167 (Alcoa 1960).
Tem perature control at the base of the sand box was achieved by placing 
the sand box on a  heated radiator. The radiator consisted of two 0.6 m x 0.6 
m aluminum plates separated by 2.5xl0-2 m with glycol circulated between the 
plates. Five holes on two opposite sides of the radiator were connected to manifolds 
which distributed and collected fluid pumped from a Forma Scientific bath (model 
2161) located outside the environmental chamber. The level of the bath  was 
positioned to  be at the level of the radiator to  reduce head loss in the pump 
and thereby increase flow through the radiator. Flow rate through the radiator 
was ~  1.5xl0“3 —■ and was channeled within the radiator by vertical baffles tha t 
extended 0.1 m from the sides containing inlet and outlet ports into the middle of 
the radiator. Tests to determine the tem perature variation at the surface of the 
radiator, prior to placing the sand box on it, showed that tem perature differences 
were no greater than  0.1 °C (measured w ith an instrum ent having a resolution 
of 0.1 °C). Eight vertical sealed holes through the radiator allowed access to the 
bottom  of each of the seven columns and a drainage port at the base of the sand 
box.
The heated chamber adjacent to the sand box contained the sand column 
expansion reservoirs. The heated chamber was a 0.3 m x 0.3 m x 0.77 m high 
plywood box insulated on the four vertical sides w ith 2.5xl0-2 m of compressed 
styrofoam bead insulation and was heated w ith a  60 W light bulb at the base. 
Expansion reservoirs were mounted on an adjustable base so tha t their height 
could be adjusted to be level with the top of the sand columns at the start of the 
experiment. The height of the expansion reservoirs was kept constant after the 
start of the freezing experiment.
Sand columns and the sand box were connected with their expansion reservoirs 
by tubes routed through a 2 inch ABS pipe tha t connected the base of the heated 
chamber w ith a  heated box attached to the bottom  of the frame supporting the 
radiator and sand box. The 2 inch ABS pipe was wrapped with heat tape and 
insulated. The heated box was heated with a  75 W silicone heating pad glued to 
a  0.1 m x 0.1 m aluminum plate for a heat sink. Tygon tubing, 3.2xl0-3 m in 
diameter, was used to connect the expansion supply reservoirs with the base of
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the sand columns and sand box.
2.3.3 Measurement of Temperature W ithin the Freezing 
Apparatus
Measurements of the temperature field within the sand box were used to moni­
tor freezing and to determine the uniformity of freezing conditions for the sand 
columns. Temperature measurements to monitor freezing were made with a string 
of thermistors placed next to one of the columns, the instrumented column, which 
were logged every half hour. Temperature measurements to determine the unifor­
mity of the freezing conditions in the freezing apparatus were made by lowering 
a thermistor into any one of seven liquid filled stainless steel tubes adjacent to 
each of the columns. A temperature profile was measured next to a column prior 
to its removal from the freezing apparatus. All thermistor measurements were 
made with a Hewlett Packard data acquisition system which consisted of an HP 
85 controller, an HP9836 voltmeter and multiplexer and an HP 82901 5^ inch 
dual disk drive. Resistances of the thermistors (Fenwall GB35P2 Glass Thermis­
tor Probes-nominal resistance of 5000 ohms at 25 °C) were measured using a two 
wire configuration. Each thermistor was calibrated with the data acquisition unit 
in mercury and gallium triple-point cells and a water ice point cell. Results of 
the calibration were used to fit the thermistor resistances and temperatures to  the 
Steinhart equation (Steinhart and Hart 1968). All resistance measurements were 
converted to temperature prior to storing them on disk.
Sensors at the instrumented column consisted of 28 thermistors placed such 
tha t a vertical temperature profile starting from above the top of the column to 
the base of the sand box could be obtained. One thermistor was located at 5xl0-2 
m above the column surface and another at the surface of the column. Twenty- 
four thermistors were mounted on a thin piece of PVC which was inserted between 
the column and the sleeve in a gap made by cutting away a section of the sleeve 
and resealing it with another piece of PVC that overlapped the outer surface of 
the sleeve. The two remaining thermistors were placed in the aluminum base at 
the bottom of the column and were used to measure the heat flux through the 
base of the column, see Section 2.3.2. Spacing of thermistors attached to the piece 
of PVC and the thermistors mounted in the aluminum plate were measured to
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within 10-4 m, see Appendix D for these results.
The sensor lowered into the liquid filled stainless steel tubes consisted of a 
thermistor mounted on a thin stainless steel tube marked such that the probe 
could be lowered through the sand box in ~  2xl0-2 m increments to obtain a 
vertical temperature profile. Appendix D presents the location of the marks on 
the probe; spacings were measured to within 10-4 m. Inside diameter of the liquid 
filled stainless steel tube was 3.8xl0-3 m, its length was 0.61 m and it was filled 
with Dow Corning 200, a 5 centistoke non-conducting silicone fluid, to decrease 
equilibration time of the probe. The probe consisted of a 0.61 m stainless steel 
tube, 3.4xl0-3 m in diameter, with a thermistor sensor mounted on one end in 
a  protective aluminum guard. Equilibration of the sensor was assumed when the 
resistance value changed by no more than 1 ohm (~  0.001 °C) in 7.5 seconds.
2.4 Preparation and O peration o f the Freezing 
Apparatus
Preparation of the freezing apparatus includes the details associated with pro­
ducing a constant salinity within the sand in the box and preparing seven sand 
columns for freezing. Operation of freezing apparatus includes the details associ­
ated with equilibrating the sand box to an initial temperature prior to the start of 
the experiment, starting the freezing experiment and the methods used to monitor 
freezing during the experiment.
2.4.1 Preparation of the Freezing Apparatus
Prior to performing a freezing test, sand in the sand box was drained of solution 
and saturated with a new solution of the type to be used in the test. This solution 
was recirculated through the sand box until the salinity became constant with 
depth. Sand columns were prepared for the test in a manner that produced as 
constant physical properties and degree of saturation as possible between the seven 
columns. The initial bulk salinity in the columns was such that it matched the 
bulk salinity in the box to within 0.2 ppt.
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2.4.1.1 Preparation of the Sand Box
Freezing could have redistributed solution in the sand box in a manner similar to 
the redistribution that occurred in the sand columns. Therefore, it was necessary 
to take steps to obtain a constant sand solution salinity within the sand box after 
every test. In preparation for a freezing experiment, solution in the sand box 
from the previous test was syphoned from the box and discarded. The sand was 
then saturated with ~  7.5xl0~2 m3 of new solution which was circulated from the 
bottom to the top of the box. Mixing of the sand solution continued until vertical 
salinity variations were less than 5% as measured by drawing solution from the 
sand box at oxlO-2 m intervals and measuring the salinity of the solution. It was 
necessary to circulate the new solution through the box 2 to 3 times. Solution was 
added from the bottom of the box in a manner similar to the techniques used to 
saturate the sand columns (discussed in the next part of this section) except that 
vacuum was not applied. Filling the box from the bottom and circulating fluid to 
the top also helped to displace air bubbles in the sand to the surface. Draining 
and filling the sand box was facilitated with a sintered filter element in each of the 
four lower corners of the box. These filter elements were attached to clear plastic 
tubing which extended through the top of the box at the corners and were were 
left in the apparatus during freezing. After the box was filled and saturated with 
solution, a piece of 20 gauge galvanized steel with a white surface and holes drilled 
in it so that it could fit over the sleeves was placed on top of the apparatus to 
reduce evaporation from the sand. The edge of the galvanized steel cover and the 
PVC wall of the box were covered with duct tape to further reduce evaporation. 
Salt solution for the sand box was made using Morton Canning and Pickling Salt 
which is an evaporated granulated salt, 99.9% NaCl (E. Kuhajek, w ritten comm.
1989). Distilled water was used to prepare this solution.
2.4.1.2 Preparation of the Sand Columns
When preparing sand columns for the freezing apparatus it was im portant that 
the physical properties of a sand column be both known and as similar as possible 
to the other six columns. Critical properties for these tests were, permeability, 
bulk density, and gravimetric water content. Accurate permeability measurements 
could not be made on each sand column; the permeability was measured on several
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samples of sand in a permeameter prior to  the start of this investigation. Since 
permeability and water content of a given material depends on the packing, or 
density of the material, preparation of the sand columns involved reproducing 
the physical properties of the sand used in the permeability measurements (see 
Appendix C and ASTM Test D2434-68 A Standard Test Method For Permeability 
of Granular Soils).
Sand columns were constructed by glueing an aluminum plate into the base of 
a 0.62 m section of Tenite Butyrate tubing with a  small amount of Dow Corning 
732 Silicone RTV. The silicone cured for at least one day before the seal was tested 
for leaks and the column filled with sand. Sand columns were filled w ith Granusil 
30 by adding «  0.2 kg of dry sand then lightly tamping it with a weight using the 
same methods used when packing the sand for the permeability tests, Appendix C. 
This packing technique was repeated until the column was packed w ith material 
to a height of several millimeters less than 0.60 m, then the top of the column 
was covered with an aluminum cap which was siliconed in place. The mass of the 
sand used to fill the column as well as the height of the column were recorded to 
determine the initial dry bulk density of the sand.
Sand columns were saturated with salt solution 24 hours after the top alu­
minum cap had been siliconed in place. Each column was saturated in a  manner 
similar to the methods outlined in ASTM D2434-68. As specified in the ASTM 
test, the sand and soil solution were held under a vaccum of a t least 0.40 m of 
Hg for at least 20 minutes prior to filling. The sand columns were filled under a 
vacuum of at least 0.30 m of Hg. It took «  20 minutes to fill a column. For reasons 
not well understood, it was necessary to add to each column 1 to 2 x l0 -6 m3 of 
salt solution over a period of several days prior to the experiment to insure that 
the sand was saturated. The mass of the solution added to the tygon tubing and 
column were recorded to determine the initial physical parameters and to perform 
a salt balance on the column after it was sectioned.
Salt solution for the columns was made with reagent grade NaCl and distilled 
water. Samples of NaCl were weighed before and after being dried in an oven for 
24 hours to  determine the component of absorbed water in the NaCl. These mea­
surements indicated that absorbed water accounted for less than 0.2% by weight 
of the NaCl; consequently, the hydrated weight of the NaCl was not considered 
when preparing the solutions. A salt solution was prepared at least 24 hours prior
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to saturating the columns.
Sand columns were loaded into the sand box after they had been saturated with 
solution. A small amount of silicone therm al grease was applied to the bottom  of 
each column prior to inserting it into a  PVC sleeve to insure good thermal contact 
between it and the base of the box. The tube connected to the base of the column 
was routed to  the heated chamber adjacent to the sand box and connected with 
the expansion reservoir.
2.4.2 Operation of the Freezing Apparatus
Operation of the freezing apparatus included equilibrating the sand box and 
columns to the initial temperature, initiating a freezing experiment and m onitor­
ing freezing while the experiment was in progress. The remainder of this section 
will present the details associated with these three phases of operation.
2.4.2.1 Equilibration o f the Freezing apparatus
The purpose of the equilibration period was to  lower the temperature of the m a­
terial within the sand box to within «0 .5  °C of the freezing point of the pore fluid 
solution. In principle, equilibration was accomplished by lowering the tem perature 
within the environmental chamber and the radiator to the desired tem perature and 
waiting for the vertical tem perature profile in the middle region of the sand box 
to become constant to within 0.1 °C. In practice, equilibration was difficult be­
cause the coarse analog adjustment on the Forma Scientific bath required many 
fine adjustments to attain  the desired radiator temperature. It usually took ap­
proximately 1 week for the freezing apparatus to equilibrate to the desired initial 
tem perature.
2.4.2.2 Start o f a Freezing Experim ent
An experiment was initiated when the tem perature of the environmental chamber 
was lowered to  a set point tem perature which was below the freezing tem perature 
of the sand solution. The tem perature was typically lowered to the set point 
for the experiment in less than 15 minutes. The environmental chamber linearly 
ramped to the specified temperature, but since this time was a fraction of an hour 
over an experiment which lasted hundreds of hours, the temperature change was
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considered a step change. The freezing experiment was considered to have begun 
when the temperature in the environmental chamber first began to change toward 
the freezing set point.
Supercooling the sand solution within the sand filled box and the sand columns 
was avoided by nucleating ice at the surface of the freezing apparatus with liquid 
nitrogen. During the time that the temperature within environmental chamber 
was cooling to the set point, approximately 5xl0~4 m3 of liquid nitrogen was 
poured over the surface of the sand box and the sand columns. Care was taken 
to  make certain that some of the liquid nitrogen came in contact with the sand in 
the sand box (recall that the top of the sand box was covered with sheet metal), 
and tha t some of the liquid nitrogen was poured on the columns. Evidence that 
supercooling was avoided with this technique was observed when the sand in the 
box was probed with a knife and determined to be ice-bonded and when the small, 
transparent solution filled tube extending from the top of the column was observed 
to contain ice.
2.4.2.3 Monitoring the Freezing Experiment
The environmental chamber, temperature data acquisition unit1 and Forma Scien­
tific Bath were essentially self-operating while a freezing test was being performed. 
However, over the weeks that it took to perform a freezing test slight adjustments 
were performed to keep the experiment running well. This section will present 
details associated with adjustments made during the freezing experiments.
When the chamber temperature was reduced to the colder temperatures, for 
example -12 °C, the temperature of the glycol circulated through the aluminum 
radiator a t the base of the sand box would slowly decrease during the experiment 
as fluid circulated through the radiator cooled. Since the pore fluid at the base 
of the box was within a few tenths of a degree of freezing, it was necessary to 
increase the bath temperature slightly to keep this solution from freezing. These 
adjustments were less than 0.2 °C and were not made until absolutely necessary. 
Adjustments in the radiator temperature were recorded by a thermistor located 
at the base of the instrumented column which was logged every half hour with the
^ e e  Appendix E for the details o f associated with the operation o f the data acquisition 
unit and a program listing.
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data acquisition system.
When experiments were performed at warmer surface temperatures, for ex­
ample -5 °C, the expansion chamber for the sand box did not operate correctly. 
During these experiments it was observed that solution was expelled through the 
surface of the sand box rather than the base even though the tube connecting the 
base of the box to the reservoir was observed to be ice-free. Since the surface tem­
perature was such that the maximum amount of ice present in the sand was less 
than 50% of the pore space, it appears that expulsion of brine through the surface 
required a smaller pressure than expelling the fluid through the tube connecting 
the base of the sand box with the expansion reservoir. Since the columns were 
capped, this problem was not encountered and the reservoirs appeared to work 
well in each of the freezing experiments.
Fluid expelled to the surface of the sand box, as described in the previous 
paragraph, evaporated into air contained within the environmental chamber. A 
portion of this water vapor became deposited on the refrigerant evaporation coils 
within the environmental chamber. At least once and sometimes twice a day 
the environmental chamber would shut down to allow electrical heating elements 
to defrost the evaporator coils. Each defrost cycle took «  5-10 minutes during 
which time the temperature within the chamber would steadily rise to a maximum 
deviation of ~  +5 °C from the set point. When the defrost cycle was completed and 
the system restarted, it would overshoot the set point temperature by a maximum 
of cs —5 °C. It took the system approximately an hour to completely recover from 
the temperature change that occurred during a defrost cycle. Between defrost 
cycles the temperature response of the chamber would decrease slightly through 
time due to persons entering and leaving the environmental chamber. The change 
in tem perature response was probably due to an increase in the thermal resistance 
at the evaporator coils caused by frost, accumulating on them.
2.5 Salt Fingering Experim ent
Experiments have been performed to view and measure the mixing that occurs 
due to salt fingering when a layer of Granusil 30 saturated with a saline solution 
was placed over a layer of Granusil 30 saturated with a saline solution of a smaller 
concentration. Baker (19S7) and Baker and Osterkamp (1988) performed a de­
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tailed set of these salt fingering experiments in a salt fingering cell built by Baker 
(1987) for concentration differences of 35 ppt. A separate salt fingering experiment 
was performed in this investigation to determine if viscous fingers would form in 
thawed Granusil 30 at density differences that approach those encountered in the 
freezing experiments and to produce a time lapse video of the early stages of finger 
growth. The details of this experiment were similar to those presented by Baker 
(1987) and Baker and Osterkamp (1988). Briefly, the lower half of the salt finger 
cell constructed by Baker (1987) was filled with Granusil 30 silica sand saturated 
with a 5 ppt saline solution dyed with Rhodamine B indigo dye. The upper half 
of the cell was filled with Granusil 30 saturated with distilled water that did not 
contain dye. The cell was left in the position of less dense pore fluid solution 
overlying dense pore fluid solution overnight before it was inverted. After it was 
inverted, filming with a time lapse video camera began. The cell was kept at room 
temperature during the experiment.
2.6 Sum m ary
A major emphasis of this research was to develop a  freezing apparatus that was 
capable of freezing sands saturated with saline solution under a hydrostatic stress 
at temperatures tha t approximated temperatures during freezing of the active 
layer. After a review of the methods available to monitor the distribution of solutes 
in a freezing sand, the general principles developed and used by Baker (1987) were 
considered the most practical for these experiments. This technique consisted 
of monitoring the distribution of a solute by freezing a number of columns in 
the freezing apparatus and then, periodically during freezing, removing one of the 
columns, sectioning it and analyzing each section to determine its bulk salinity and 
gravimetric water content. A comparison in the change in bulk salinity for each 
column allowed the redistribution of the solute during freezing to be monitored 
through time. The freezing apparatus consisted of a  sand filled box which was open 
on the top and insulated on the sides. The sand box was mounted on a heated 
radiator and a  heated chamber adjacent to the sand box contained expansion 
reservoirs for each of the columns and for the sand box. W ithin the sand box there 
were seven vertical tubes tha t sleeved the sand columns used in the freezing tests. 
The heated chamber contained eight reservoirs which were attached to the base of
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each column, with the eighth attached to the base of the sand box. Preparation 
of the freezing apparatus for a freezing test involved preparing seven columns 
in a uniform manner with known initial properties. Packing the sand columns 
and saturating them  with saline solution closely followed the guidelines set forth 
in ASTM D2434-68, Standard Test Method For Permeability of Granular Soils 
(Constant Head). After equilibrating, freezing within the sand box was initiated 
by simultaneously lowering the tem perature w ithin the environmental chamber to 
the freezing tem perature and pouring a small amount of liquid nitrogen over the 
surface of the apparatus to  nucleate ice and avoid supercooling within the sand. 
The tem perature field during freezing was m onitored by measuring a  string of 
28 thermistors located next to one of the columns and by measuring the vertical 
tem perature profiles in a  series of seven stainless steel tubes at various locations in 
the freezing apparatus. Finally, a separate experiment, similar to the experiment 
performed by Baker (1987) and Baker and Osterkamp (1989), was performed to 
determine if viscous fingers would form in saturated  Granusil 30 with an unstable 
density gradient tha t approached those encountered in the freezing experiments 
conducted in this investigation.
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Chapter 3 
Analytical M ethods
3.1 Introduction
Profiles of bulk salinity and gravimetric water content were the principle indicators 
of the redistribution of the solute and solvent during freezing in columns of sand 
saturated with saline solution. Profiles of these two parameters were measured 
during freezing by periodically removing a column from the freezing apparatus, 
horizontally sectioning the column and analyzing each section for bulk salinity and 
gravimetric water content. A profile of temperature obtained prior to removing 
the column from the freezing apparatus was used to calculate equilibrium values 
of brine salinity and density in the partially frozen portion of the column. Pro­
files of brine salinity and density were combined with the profile of bulk salinity 
to calculate a profile of unfrozen brine volume within the column. The purpose 
of this chapter is to present details associated with removing a column from the 
freezing apparatus, sectioning the column and analyzing each section to determine 
profiles of bulk salinity, gravimetric water content, brine salinity and density, and 
volumetric brine content. The second section presents details associated with re­
moving a column from the freezing apparatus, sectioning it, and analyzing each 
section to determine its length, its mass before and after drying, and the electrical 
conductivity of the diluted pore fluid. The third section presents details associated 
with reducing the data from the analysis to determine the bulk salinity and water 
content of each section and profiles for each column. The final section presents de­
tails and methods used to determine the equilibrium unfrozen solution parameters 
within the column at the time it was removed from the freezing apparatus.
43
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3.2 Laboratory A nalysis
Freezing conditions just prior to the time a column was removed from the freezing 
apparatus were measured with respect to  both the instrumented column and the 
column to be removed. Freezing conditions in the instrumented column were 
measured by recording the time when the column was removed from the apparatus 
in tha t the instrumented column was logged every half hour. Freezing conditions 
in the column to be removed were measured by lowering a thermistor into the 
stainless steel tube adjacent to the column to measure the vertical temperature 
profile. A comparison between the two temperature profiles allowed variations in 
the freezing conditions across the apparatus to be measured.
Removal of a sand column from the freezing apparatus took place after the 
vertical temperature profile next to the column was measured. The column was 
removed by disconnecting the tube from the base of the column to the reservoir 
at the reservoir, plugging the free end of the tube, and then pulling the column 
and tube through the top of the freezing apparatus. Another column containing 
dry sand, at the temperature of the environmental chamber, was placed in the 
empty sleeve to reduce the temperature disturbance associated with removing 
the sand column from the freezing apparatus. The column was taken from the 
environmental chamber to be sectioned with a bandsaw and the reservoir was 
taken from the heated chamber to measure both the mass of fluid expelled from 
the freezing column and the salinity of the fluid.
The column was sectioned from the top down while held in a vertical position to 
minimize brine drainage and the loss of fluid during cutting. A Sears Craftsmen 10 
inch bandsaw mounted horizontally was used to section the columns. Each section 
was probed with a knife to determine the degree of bondedness of the section at the 
time it was cut. Cut sections were placed in numbered, pre-weighed sample jars. 
The last sample jar contained fluid from both the tube that connected the base 
of the column with the reservoir as well as fluid from the reservoir. Elapsed time 
between when the column was removed from the freezing apparatus, sectioned 
and when the jars containing the sections were weighed was usually 15 minutes 
or less. Information on bondedness as well as any other pertinent information 
or observations were verbally recorded on a tape recorder while the column was 
sectioned. Later, this information was transcribed to paper.
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After weighing the sample jars which contained the sectioned column, the 
sleeve of Tenite Butyrate tubing containing each section was removed from each 
sample jar, rinsed with distilled water (which drained back into the sample jar) and 
allowed to dry in order that the mass and length of each sleeve could be measured. 
Sample jars were then placed in a drying oven for 24 hours at 110 °C and then 
cooled until their temperature was close to room temperature before they were 
weighed to determine the dry weight of the section. All mass measurements were 
made with a M ettler P1500 digital balance that had an accuracy and repeatability 
of lxlO -5 kg.
Electrical conductivity measurements to determine the bulk salinity of each 
section were made after the dried sections had been rewetted with distilled water 
and allowed to stand for up to 24 hours. Rewetting of the dried sample involved 
adding a measured amount of distilled water, M sw,  to the sample in an ss 2:1 
ratio, distilled water:dried sand (Kay and Groenevelt 1983, Baker 1987) which were 
then capped. Capped sample jars were gently shaken after the distilled water was 
added, then allowed to stand for several hours before they were vigorously shaken 
by hand and allowed to stand for another 12 to 24 hours before the solution was 
measured to determine its electrical conductivity.
Electrical conductivity measurements were made of the diluted pore fluid so­
lution with a Beckmann Conductivity Bridge, Model RC-19, and a Beckmann 
Pipet Conductivity Cell, model G-20. Both cell and bridge were calibrated as a 
unit over the full range of conductivities used in these tests to determine the cell 
constant for the conductivity cell with the conductivity bridge. Electrical conduc­
tivity calibrations and normal laboratory measurements were conducted following 
procedures outlined in ASTM Test D1125-82, Standard Test Methods for Elec­
trical Conductivity and Resistivity of Water. Temperature measurements of the 
solution were made with a calibrated epoxy bead thermistor tha t had been placed 
through the top bulb in the conductivity cell at a level Ril centimeter above the 
top platinum plate. Resistance of this thermistor was measured with an HP 3465B 
DVM and was made at the same time as a conductivity measurement and was ac­
curate to ±0.2 °C. The bridge was balanced for both resistance and capacitance 
for each measurement and both values were recorded. Conductivity measurements 
were made starting from the top section, which was typically the lowest reading, 
and ending with the bottom  section, typically the highest reading. The pipet
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cell was rinsed with the solution to be measured three times before the electrical 
conductivity of the solution was measured.
3.3 D ata  R eduction
Measurements of the section length, electrical conductivity and the mass of the 
section before and after drying were used to  calculate the bulk salinity and water 
content of each section. These measurements and calculations were stored on the 
hard  disk of a VAX mainframe computer, and backed up on a 9 track magnetic 
tape formated for VMS Backup. Bulk salinity and gravimetric water content were 
calculated using a Fortran 77 program written for this experiment. Normally water 
content calculations are straightforward, however, the presence of salt within the 
pore fluid requires that the definition be explicitly presented to avoid ambiguity. 
The purpose of this section is to define salinity and gravimetric water content and 
to  present methods used to calculate each of these parameters from data obtained 
in the laboratory analysis.
3.3.1 Bulk Salinity
The ratio of salt mass to brine mass in a solution is defined as the salinity, S , of 
the solution,
S(ppt) =  1 0 0 0 - ^  =  1000— -  (3.1)
M b r in e  M s  +  M \ y
where M w  is the mass of the water, and M s  is the mass of the salt in solution. 
Salinity is a gravimetric measure of the salt concentration which is expressed 
as parts per thousand (ppt). Pore fluid salinity within the sand column was 
determined by measuring the electrical conductivity and tem perature of the pore 
fluid in each section after it had been diluted with a known amount of distilled 
water. The tem perature of the diluted solution was used to correct the measured 
conductivity to an equivalent value at 25 °C. Salinity of the diluted pore fluid was 
determined from the conductivity of the solution at 25 °C. Finally, the salinity 
of the diluted pore fluid was converted to the in situ salinity of the pore fluid 
a t the time the column was sectioned. The pore fluid salinity calculated from 
these measurements was the thawed pore fluid salinity, or bulk salinity, S's, of the 
solution. The purpose of this section is to explain in detail the methods used to
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determine profiles of bulk salinity for each section in a  column. These methods 
were first developed for seawater and were later applied to  soils saturated with a 
NaCl solution by Baker (1987) and Baker (1987a).
Tem perature corrections in NaCl solutions were made to correct the electrical 
conductivity to an equivalent conductivity at 25 °C by using a  correction factor 
tha t was scaled to the difference between the measured tem perature and 25 °C. A 
standard tem perature of 25 °C (instead of 20 °C) was chosen since conductivity 
measurements typically were made near this temperature. The tem perature cor­
rection factor, C F ,  to  produce the equivalent conductivity at 25° was determined 
from the conductivity ratio
C (SD,T )  C(Sp, T) 
m C(35,20) 5.0700xl0-3 J  1 ' '
where C(Sd,T) is the measured electrical conductivity of the diluted solution 
with an unknown salinity Sd and measured tem perature T, and C (35 ,20) is the 
electrical conductivity of a standard solution. Electrical conductivity is expressed 
in units of Sie-^ ens =  — where S = -r—.meter m ohm
The tem perature correction factor is a relation between the conductivity values 
of standard solutions at 20, and 25 °C and for salinity values tha t range from 0 to 
«  247 ppt. C F  has units of and is expressed as a polynomial relation of R m 
which was calculated using equation 3.2,
C F  = Y j ai{Rm)i. (3.3)
t= 0
The values of oq are presented in Table 3.1.
For a  C F ,  the corresponding change in conductivity, AC, was calculated using
A C  =  C f ( C (S di ’0^ )A T ) ,  (3.4)
where A T  is the difference between 25 °C and the measured tem perature. The 
corrected conductivity is
C (Sd ,25) =  C (5 d ,T ) + A C . (3.5)
Finally, the corrected electrical conductivity was used to form the ratio  i?2 5 , where 
R 25 is defined as
C (Sc ,25) C(Sp,25)
25 C(34.33,25) 5.50176x10-’ 1  ' 1
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Table 3.1: Coefficients of the polynomial used to make tem perature correc­
tions to the electrical conductivity data such that an equivalent conductiv­
ity at 25 °C is determined.________________
0 < R m < -7327 .7327 <  R m <  4.3695
i a,- ai
0 3.7461606 3.5714511
1 -1.1114586xl0+1 -9.0476802
2 2.4407970xl0+1 2.1547232xl0+1
3 -1.6991629xl0+1 -2.6031192xl0+1
4 - 1.7501440xl0+1
5 - -6.8214558
6 - 1.5347021
7 - -1.8520938xl0_1
8 - 9.2957738xl0“3
w h e r e  t h e  s a l i n i t y  o f  t h e  d i l u t e d  s o l u t i o n ,  So, i s  a  p o l y n o m i a l  e x p r e s s i o n  i n  t e r m s  
o f  # 2 5  >
S D ( P P t )  =  X > ( i ? 2 5 ) ‘'. (3.7)
i=0
T h e  c o e f f i c i e n t s ,  a r e  p r e s e n t e d  i n  T a b l e  3.2.
Table 3.2: Coefficients to the polynomial that relates the conductivity ratio
at 25 °C, i?2 5 i to the salinity of the solution.______
.5362 < i225 <  3.5741 3.5741 <  # 2s < 4.4933
i b{ b{
0 -8.3858476xl0-1 -5.19S8526xl0+1
1 3.3046262xl0+1 1.63S8787xl0+2
2 1.4589501 -1.2431695xl0+2
3 1.0155453 5.7933311xl0+1
4 -3.8626444xl0-1 -1.2573977xl0+1
5 6.5810021xl0"2 1.0599801
Bulk pore fluid bulk salinity, 5g, was determined from the diluted salinity, So,
b y  calculating the mass of the salt, M$, in the section using the mass of distilled
water added to the dried section, M sw,  and the definition of salinity, equation 3.1, 
to obtain
SdM Sw ns
M s -  1000 — So  (3-8)
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Once the mass of the salt is calculated from equation 3.8, the mass of pure water 
in the section when it was cut, M w , calculated as the change in mass before and 
after drying, was used to calculate the bulk salinity of the section using equation 
3.1.
3.3.2 Gravimetric Water Content
The ratio of water mass to sand mass is defined as the gravimetric water content,
w b ( % )  =  1 0 0 ^  (3.9)
where M w  is the mass of the water and M sl is mass of the dry sand with the 
mass of the salt removed. Mass of the water, Mw  is calculated from the decrease 
in the mass of the sample jar from drying.
3.3.3 Physical Properties of the Unfrozen Solution
Sodium chloride dissolved in pure water forms an ionic solution that, when cooled 
sufficiently, solidifies as a binary mixture of brine and pure ice for initial concen­
trations less than 233.1 ppt (Heiss and Kuhajek 1983). If the system of brine and 
ice are in equilibrium, then specifying the temperature of the system determines 
the salinity of brine in contact with the ice regardless of the bulk salinity of the 
system. The remainder of this section will present the details associated with de­
termining the salinity and density of brine in contact with ice and to show how 
these parameters are used to calculate the volumetric brine content of a partially 
frozen salt solution.
Brine salinity, Sb, in contact with ice increases as the temperature of the solu­
tion decreases because salt rejected from the ice is expelled into the brine. Baker 
(1987) fit data presented by Weast (1976) which related the salinity of sodium 
chloride solutions to the equilibrium freezing point of the solution to determine 
brine salinity as a function of temperature. The expressions presented by Baker 
(1987) are polynomials over two salinity and temperature ranges, and have the 
form,
56 =  E c ,(T Fy (3.10)
i=0
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Table 3.3: Coefficients for the polynomial which relates equilibrium freezing
i
0 <  Tp < -1 .79 °C -1.79 < Tf  < -20.667 °C
Ci
0 -3.5922089xl0-2 -7.3124826xl0-1
1 -1.6830587xl0+1 -1.7889927xl0+1
2 2.2433665xl0_1 -4.1168058xl0-1
3 1.4280893xl0-1 -3.2115794xl0-3
4 - 4.6955195xl0“s
where Tp is the phase equilibrium temperature of the solution. The coefficients, 
c,-, are presented in Table 3.3.
Since Sb increases as the temperature of an equilibrium mixture of brine and 
ice is decreased, the density of the brine, pb, also increases with decreasing tem­
perature. Zubov (1963) showed that the density of seawater brine in equilibrium 
with ice is related to the salinity by
Pb ^ j  =  1000.0 +  0.85t(ppt). (3.11)
Equation 3.11 has been used to determine the density of NaCl solutions because 
of the similarity of seawater and NaCl solutions of seawater concentrations (Cox 
and Weeks 1975, Baker 1987, J. Johnson pers. comm. 1989).
Cooling of a mixture of brine and ice in which equilibrium between the two 
phases is maintained results in changes in the brine salinity, and density which 
may be calculated based only on the temperature of the solution. If the mixture 
is in a closed system, then the mass salt within the system will remain constant 
with temperature. Weeks (1962) used these principles to show that the unfrozen 
volumetric brine content, ;^(ppt), may be expressed as
i*(ppt) =  IOOOtt^ -  =  1000-g-  *  lO O of (3.12)
Vb+V‘ +  s>
where V) and Vf, refer to the absolute volume of ice and brine, S, and Sb refer to 
the bulk salinity and brine salinity of a solution and pi and pb refer to the density 
of the ice and brine of a solution. Baker (1987) defined a similar relation for soils
v„(ppt) = lOOO^r^T = «  l°O of; (3-13)
SuPu  '  S u ' P i
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where Vi and Vb refer to the absolute volume of ice and brine, S b and Su  refer 
to  the bulk soil solution salinity and unfrozen soil solution salinity and pu refers 
to the density of the brine in soil solution. The density of the pure ice th a t forms 
is a  function of tem perature and may be presented by a  polynomial expression of 
the form (Osterkam p and Walker 1987)
Pi = j b d<(T)‘. (3.14)
t'=0
The coefficients, d,- are presented in Table 3.4
Table 3.4: Coefficients for the polynomial which relates density of ice to
i di
0 916.88
1 -0.16805
2 -4.57xl0~4
For a  bulk salinity of 35 ppt the approximation on the right hand side of 
equations 3.12 and 3.13 is accurate to better than 10% for brine volumes greater 
than  500 ppt.
Baker (1987) assumed the mineral grains on the soil did not alter the freezing 
relations from those derived for the liquid. This assumption leads to the assump­
tion tha t Sf, =  5c/, pb = pb and Vb =  Vu or the equivalency of equations 3.12 and 
3.13 for Si — S b - A similar assumption will be used in this thesis (see section 
1.2.3.1 for a justification of this assumption).
3.4 Sum m ary
To summarize, prior to removing a column from the freezing apparatus, tem per­
ature profiles a t the instrumented column and at the column to be removed were 
measured. Immediately after a column was removed from the freezing apparatus 
it was sectioned. The laboratory analysis of each section involved measuring the 
electrical conductivity of diluted pore fluid in each section and conducting a series 
of mass measurements which were used to determine the bulk salinity and gravi­
metric water content of the sections. Results from the analysis on each section
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of a column were used to construct profiles of bulk salinity and gravimetric water 
content of the columns. Temperature measurements at the time columns were 
removed from the freezing apparatus were used with the bulk salinity profiles to 
determine profiles of salinity and density of brine in equilibrium with ice in the 
pore space for each column. Profiles of bulk salinity, Sb , brine salinity, Su, and 
brine density, pu, were used to calculate profiles of the volumetric unfrozen wa­
ter content, Vu, for each column at the time it was removed from the freezing 
apparatus. D ata obtained from each of the columns were combined to monitor 
the distribution of the solute during freezing and to interpret the results of the 
freezing experiment.
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Chapter 4 
Results
4.1 Introduction
This research investigated the effects of freezing on the distribution of a solute 
within sand which had been saturated with a saline solution prior to freezing. 
Freezing conditions were controlled by freezing the sands under approximate Neu­
mann boundary conditions (C'arslaw and Jaeger 1959) using a constant soil type 
and uniform initial soil solution salinity. Variations in the surface and base tem­
peratures or the initial salinity between each freezing test allowed the effects of 
freezing rate, temperature gradient , cooling rate and bulk salinity on solute move­
ment to be investigated. The purpose of this chapter is to present the results of 
the 9 freezing tests conducted in the freezing apparatus constructed for this inves­
tigation. The second section of this chapter presents a description of the sand used 
in the freezing tests and a summary of the freezing conditions for each test. The 
third section presents a complete set of results and observations from the freezing 
tests with special emphasis placed on Freezing Test 6.
4.2 Soil D escription and Freezing Test Sum m ary
The rate at which a soil freezes depends on the thermal properties of the soil and 
on the imposed temperature boundary conditions. The rate at which a solute 
moves in a soil depends on the physical properties of the soil, the permeability 
for example, and concentration gradients. In this research, a sand of known and 
relatively uniform mineralogy was used so that the thermal and physical properties 
of the sancl could be held as constant as possible between experiments.
53
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The purpose of this section is to describe the sand used in these tests and the 
temperature boundary conditions for each test.
4.2.1 Soil Description
Each freezing test was performed using a silica sand marketed under the trade 
name Granusil 30 by the Unimin Corporation of Em mett, Idaho. Granusil 30 is 
principally used in sandblasting applications; consequently, it is manufactured to 
be relatively clean and uniform in size. A sieve analysis and a visual inspection of 
a representative sample were used to describe this material.
The sieve analysis was performed on a 0.8 kg sample of the Granusil 30 which 
was obtained from twelve. 45 kg bags of the material which had been intermixed. 
Six U.S. Standard sieves that ranged in size from #12  to #140 were stacked in 
order of increasing mesh size to sieve the sample. A tray at the bottom of the stack 
of sieves was used to contain any material passing the #140 sieve. The sample was 
sieved in ~  0.2 kg increments. Results of the sieve analysis are shown in Table 4.1 
and Figure 4.1 and indicate that the mass average particle size of the sample of 
Granusil 30 was 5.5x10“’' m and that «  50% of the sand, by mass, had a particle 
diameter which was between 4.8x10“'' and 9.5x10“ ' m.
Table 4.1: Results of a sieve analysis on a uniform sample of Granusil 30
silica sand
Sieve No. Mesh Size Mass Retained
xlO- * m xlO-3 kg
12 1.080 0
30 0.596 300.1
40 0.420 395.4
50 0.297 92.5
70 0.210 14.5
140 0.105 1.2
tray <.105 trace
The visual inspection of the sand was completed following ASTM Test D2488- 
84, A Standard Practice for Description and Verification of Soils (Visual and Man­
ual Procedure). Results of the visual inspection indicated that «  75% of Granusil 
30 was medium-grained sand and ~  25% was fine-grained sand. This inspec­
tion also showed that Granusil 30 was principally composed of quartz; however,
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Figure 4.1: Results from sieving approximately 0.8 kg of Granusil 30, a 
silica sand used in all 9 freezing tests.
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a small amount of plagioclase feldspar and muscovite mica were present. Quartz 
grains were angular but neither flute nor elongate. Feldspar grains were angular 
to subangular and slightly elongate. Mica grains were elongate and flat.
4.2.2 Freezing Test Summary
Nine freezing tests were conducted with Granusil 30 silica sand which had been 
packed into sand columns to a known initial dry density and saturated  with a 
NaCl solution of known initial concentration. The purpose of this section is to 
present the physical properties of the soil used in the freezing tests and then to 
summarize the freezing tests.
Table 4.2 summarizes each freezing test in terms of the the initial sand and 
solution param eters, the tem perature conditions and the purpose of each test. 
The initial bulk salinity was determined by measuring the salinity of the solution 
used to saturate  the column. Tem perature conditions which led to  freezing consist 
of the surface tem perature, measured a t the top of the instrum ented column, the 
base tem perature, measured in the aluminum plate at the base of the instrumented 
column, and the initial tem perature, measured throughout the column with the 
therm istor string prior to initiating freezing. Dry density a t the s tart of freezing 
was calculated from the mass of sand packed into the column of a m easured volume. 
Additionally, the initial porosity was calculated to range from 39 to 41% assuming 
a specific gravity of the sand to be 2630 ^  (Lunardini 1981), the permeability was 
measured to range from 7xlO-11 to lxlO -10 m 2, and the saturated  w ater content 
was estim ated to  range from 27 to 28%.
4.3 E xperim enta l R esu lts and D iscussion
Measurements on sand columns tha t were removed from the freezing apparatus at 
different times during freezing resulted in values of bulk salinity and w ater content 
for each section of the column. Values for each section were used to  compile profiles 
of the two param eters for the entire column. Temperature profiles, both  at the 
instrum ented column and adjacent to the column to be removed, were measured 
prior to  removing a column from the sand box. Bulk salinity and tem perature 
profiles were used to construct equilibrium profiles of brine salinity, density, and
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unfrozen volumetric brine content within the column at the time it was removed 
from the sand box. The purpose of this section is to present these results for the 
9 freezing tests with special reference in the discussion to Test 6. The first part 
of this section will present the measured profiles: bulk salinity, water content and 
temperature. The second part will present the calculated profiles: brine salinity, 
brine density, and volumetric brine content; however, these will be presented only 
for Test 6. Appendix B and Table 4.3 present the results of an analysis to determine 
the uncertainty in each of the measured and calculated profiles discussed in this 
chapter.
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T able 4.2: A  sum m ary  o f th e  n ine freezing te s ts  perform ed in  th is investigation. T he colum n in fo rm ation  provides 
p a rtic u la r  details  on th e  way each o f th e  seven colum ns in a  te s t were frozen; h ydrosta tic  im plies th a t  th e  surface of 
th e  colum n was closed and  th e  base was open and  connected to  th e  expansion reservoir. T h e  po re  fluid stress in  these
Test
#
In itia l
Salinity
(p p t)
Dry
D ensity
(& )
T s u r f  ace
(°C )
T  base
(°C )
Tfnit
(°C )
M echanism
Investigated
C olum n
Inform ation
5 34.8 1410 -6.5 -1.5 -1.3 In itia l freezing te s t. All hydrostatic .
6 34.8 1510 -4.5 -1.5 -1.3 T h e  effects o f large freezing 
ra tes.
All hydrostatic .
7 35.2 1550 -5.4 -1.5 -1.5 Confirm  long tim e tran sien t 
p rio r to  th e  s ta r t  o f convection.
1.071 days frozen u ncapped , 
6.125 and  8.132 days u n sa tu ­
ra ted . T h e  rem ain ing  colum ns 
were h ydrosta tic .
8 35.4 1540 -5.8 -1.4 — Confirm  long tim e tran sien t 
p rior to  th e  s ta r t  of convection.
All hydrosta tic .
9 35.0 1550 -12.6 + 0 .8 +  1.0 Effects of a  cold surface tem p er­
a tu re  on convection.
All hydrosta tic .
10 34.0 1570 -4.4 -1.9 -1.5 Effects o f rap id  freezing on tim e 
tran sien t p rio r to  th e  s ta r t  of 
convection.
0.876 and  7.153 days were frozen 
w ith  th e  base plugged an d  th e  
surface open. T h e  rem aining 
colum ns were hyd ro sta tic .
11 36.3 -4.4 + 0 .3 + 0 .5 Effects of a  large tem p era tu re  
g rad ien t on th e  onset o f convec­
tion.
3 .990,6 .927 an d  9.968 days were 
frozen w ith  th e  base plugged 
and  th e  surface open . T h e  re­
m ain ing  colum ns were hydro­
sta tic .
12 109 1560 -9.3 -6.1 -5.8 Effects o f a  large in itia l salinity 
on th e  red is trib u tio n  of solutes.
All hydrosta tic .
13 1.3 1560 -3.5 + 0 .5 + 0 .5 Effects o f a  sm all salin ity  on the  
red istribu tion  of solutes.
All hydrostatic .
Ln00
59
Table 4.3: Summary of the estimates of the random and systematic uncer­
tainty associated with the measured and calculated parameters in Test 6. 
These results are generally applicable to the remaining 8 freezing tests.
Uncertainty
____________ Parameter_____________ Random Systematic
Bulk Salinity 5b (ppt) 0.5 0.3
Water Content W B{%) 0.6 2.
Temperature T(°C) 0.01 0.1
Brine Salinity 5[/(ppt) 0.17 1.7
Brine Density Pu & ) 0.14 1.4
Volumetric Brine Content Uy(ppt) 14 56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
4.3.1 Measured Results
Measured profiles of bulk salinity and water content for a  sand column were pro­
duced by combining results obtained from the measurements on each section of 
a column after it was sectioned (Section 3.3 for methods). Tem perature profiles 
resulted from resistance measurements made of the therm istor string at the in­
strum ented column (Section 2.5) within ±  15 minutes of the time the column was 
removed from the freezing apparatus.
Figures 4.2 through 4.28 show profiles of bulk salinity, water content and tem­
perature in each of the columns for each of the 9 freezing tests. The legend on 
each figure shows the time since the beginning of the experiment, in decimal days, 
when each column was removed from the freezing apparatus. Each profile has the 
location of the ice-bearing/ice-free interface, or alternatively, the thermodynamic 
interface1 marked adjacent to the profile. In general, the depth of the ice-bearing 
interface increases with time, however, Figures 4.5 thru  4.7 indicate tha t varia­
tions do occur from column to column in a  given test. Apparent discrepancies 
associated with the position of the ice-bearing interface appear to be associated 
with the presence or absence of convection in the column.
While each column was sectioned, two other interfaces were recorded which 
have not been presented in Figures 4.2 thru  4.28 for reasons of clarity, but are 
presented in the test summary. The first interface, the interface nearest the surface 
of the column, where the bondedness of the sand grains decreased significantly, 
was located by probing each section with a  knife while the column was cut. This 
interface was termed the transition interface. The second interface, where the sand 
grains were no longer bonded by ice, was also located by probing each section with 
a knife. This interface was termed the ice-bonded interface. The precision of the 
location of these two interfaces is reflected by the method used to determine their 
position. Observations indicate that the region between the transition interface 
and the ice-bonded interface became progressively less well bonded with depth 
with the sand grains becoming progressively more bonded by ice towards the center
lrThe location from the top o f the column at which the brine salinity (calculated from 
the in situ temperature) is less than the measured bulk salinity is defined as the thermo­
dynamically thawed interface or ice-bearing interface. Brine salinity was calculated using 
equation 3.10.
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of the column. Radial changes in the degree of bondedness between the transition 
and ice-bonded interfaces were not always symmetric. Often one side would be 
slightly softer than  the opposite side of the column. Below the top transition 
interface and the ice-bonded interface was the ice-bearing interface. Ice-bonded 
and ice-bearing interfaces were usually separated by more than a centimeter.
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• Test Purpose
1. This test was to determine the effects of a variable freezing rate 
on the distribution of the solute in the sand.
• Notes
1. Each of the seven columns were capped at the surface, open at 
the base and frozen under hydrostatic conditions.
2. Fluid mass in the reservoir was not measured prior to the start 
of freezing.
Summary of Freezing Test 5
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermodynamic
4 0.985 - 0.04 0.09 -
7 2.926 - 0.11 0.17 -
2 7.962 - 0.28 0.31
3 10.974 - 0.26 0.33 0.36
5 13.125 - 0.29 0.34 0.39
6 14.878 - 0.35 0.38 0.41
1 16.708 - 0.36 0.40 0.48
• Results
1. Results of this first test suggest that convection continues until 
the end of the experiment.
2. The procedure used to determine the bulk salinity profiles in the 
first two columns sectioned yielded erroneous results. This mis­
take did not allow the effects of rapid freezing on the distribution 
of the solute to be determined.
3. The dry density of the columns used in this first test was signif­
icantly less than the dry density used in the remaining tests.
4. Convection of the pore fluid only affected the profiles of bulk 
salinity.
5. An analog pressure gauge installed at the surface of the instru­
mented column did not indicate any surface pressures at the 
surface of the column greater than atmospheric during freezing.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 5
BULK SALINITY (PPT)
15 20 25 30 35 40 45 50
Figure 4.2: Bulk salinity profiles measured in each column during Test 5. 
The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus. The first data  point at the surface of 
several profiles extended beyond the scale of the figure. At the time these 
columns were removed, the surface bulk salinity values were the following: 
2.926 days 19.3 ppt, 7.962 days 13.2 ppt, 10.974 days 15.2 ppt, 13.125 days
11.6 ppt.
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WATER CONTENT VS. DEPTH
FREEZING TEST 5
GRAVIMETRIC WATER CONTENT (%)
15 20 25 30 35 40 45
Figure 4.3: Water Content profiles measured in each column during Test 5. 
The first data point at the surface of several profiles extended beyond the 
scale of the figure. At the time these columns were removed, the surface 
water content values were the following: 0.985 days 194.4%, 2.926 days 
55.3%, 7.962 days 177.1%, 10.974 days 171.6%, 13.125 days 186.8%, 14.878 
days 85.6%, 16.708 days 110.7%.
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TEMPERATURE (°C)
TEMPERATURE VS. DEPTH
FREEZING TEST 5
-6 -5 -4 -3 -2 -1 0
Figure 4.4: Tem perature profiles measured during Test 5 at the time the 
columns were removed from the freezing apparatus. Tem perature profiles 
were measured at the instrum ented column.
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• Test Purpose
1. This test was to determine the effects of rapid freezing on the 
distribution of the solute in the sand. This test was to obtain 
data that was not obtained in Test 5. A smaller surface temper­
ature decrease at the start of freezing allowed these data to be 
obtained.
• Notes
1. Each of the seven columns were capped at the surface, open at 
the base and frozen under hydrostatic conditions.
2. After the sixth column was removed, 10 days after freezing be­
gan, the surface tem perature was increased to -2 °C.
Summary of Freezing Test 6
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermodynamic
7 0.997 3.17 0.07 0.11 0.24
2 2.087 7.29 0.11 0.17 0.32
3 4.000 8.43 - -
5 4.132 13.39 0.17 0.24 0.32
4 9.028 16.63 0.20 0.27 0.38
6 10.021 19.66 0.24 0.31 0.31
1 14.000 17.64 0.14 0.31 0.31
• Results
1. This test showed that convection of the pore fluid was preceded 
by a transient period of approximately 4 days in which nearly 
100% of the solute was incorporated within the partially frozen 
sand.
2. Only the bulk salinity profiles were affected by convection of the 
pore fluid.
3. An analog pressure gauge installed at the surface of the instru­
mented column did not indicate pressures at the surface of the 
column greater than atmospheric during freezing.
4. The third column removed on the fourth day of freezing was split 
along its axis to observe features associated with the interface. 
Only the frozen sections were analyzed.
5. The column removed after 9.028 days of freezing did not ex­
hibit features which can be associated with convection, however, 
columns removed prior to and after this column indicate that 
they are affected by convection. The depth to the ice-bearing 
interface in this column was greatest of all the columns in this 
test.
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6. The location of the ice-bearing interface appears to decrease 
between the period when the sixth and seventh columns were 
removed. The location of the ice-bearing interface is less in 
the column removed after 14.000 days of freezing than in the 
column removed after 9.028 days of freezing. After 10.021 days 
of freezing the surface temperature of the column was increased 
to -2 °C.
67
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BULK SALINITY (PPT)
15 20 25 30 35 40 45 50
SOLUTION SALINITY VS. DEPTH
FREEZING TEST 6
Figure 4.5: Bulk salinity profiles measured in each column during Test 6. 
The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus.
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WATER CONTENT VS. DEPTH 
FREEZING TEST 6
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Figure 4.6: Water Content profiles measured in each column during Test 
6 .
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TEMPERATURE (°C)
TEMPERATURE VS. DEPTH
FREEZING TEST 6
■6 -5 -4 -3 -2 -1 0
Figure 4.7: Tem perature profiles measured during Test 6 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrumented column.
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• Test Purpose
1. This test was to confirm the results of Test 6 which suggested 
that a long time transient occurred before the onset of convection 
in the columns.
2. Two columns were unsaturated over a portion of their length 
to determine if saturation affected the distribution of the solute 
during freezing.
3. One column was frozen with the surface open to determine if 
capping the columns to reduce evaporation at the surface signif­
icantly affected the columns during freezing.
• Notes
1. The column removed after 1.071 days of freezing was saturated 
with solution as usual. However, immediately prior to the start 
of freezing the top cap was removed and it was frozen uncovered.
2. Columns removed after 6.125 and 8.132 days of freezing were sat­
urated as usual. However, 2 hours prior to freezing each column 
was allowed to drain to field capacity at a level several centime­
ters above their base. The top was then closed and the column 
was frozen under a hydrostatic stress.
3. The remaining four columns were frozen as usual.
Summary of Freezing Test 7
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermodynamic
7 1.071 1.83 0.08 0.16 0.29
2 1.979 1.24 0.14 0.23 0.29
4 3.129 4.56 0.20 0.28 0.32
6 5.004 8.89 0.22 0.32 0.35
5 6.125 - - 0.32 0.36
3 8.132 - - 0.40 0.41
1 10.059 16.74 0.31 0.43 0.41
• Results
1. Only the last column removed after ~  10 days of freezing ap­
pears to be affected by convection. The rate of change of bulk 
salinity is nearly constant through the ice-bearing interface in 
this profile.
2. The two columns that were partially drained of solution prior 
to freezing appear to show a slight increase in bulk salinity near 
the surface. The last partially drained column removed exhibits 
a  slight decrease in bulk salinity at the approximate half-way 
mark in the column.
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3. An analog pressure gauge installed at the surface of the instru­
mented column did not measure any pressures in excess of a t­
mospheric pressure during freezing.
4. While the first column was being sectioned with the bandsaw, 
the plug at the base of the column worked free and the column 
began to drain. This resulted in the anomalous water content 
values between 0.34 and 0.42 m.
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BULK SALINITY (PPT)
15 20 25 30 35 40 45 50
SOLUTION SALINITY VS. DEPTH
FREEZING TEST 7
Figure 4.8: Bulk salinity profiles measured in each column during Test 7. 
The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus.
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Figure 4.9: W ater Content profiles measured in each column during Test
7.
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TEMPERATURE (°C)
TEMPERATURE VS. DEPTH
FREEZING TEST 7
E
Xl-Q.Ul
Q
Figure 4.10: Temperature profiles measured during Test 7 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrumented column.
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• Test Purpose
1. This test was performed to further investigate the long time 
transient that preceded the onset of convection.
• Notes
1. All seven columns were saturated with solution and frozen from 
the top down under a hydrostatic stress with the tops of the 
columns capped.
2. The freezing data indicates that the columns in this test could 
have been either partially frozen or supercooled prior to the start 
of freezing.
Summary of Freezing Test 8
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermodynamic
4 1.000 8.78 0.07 0.15 0.21
3 2.000 12.96 0.16 0.23 0.32
7 5.000 19.45 0.18 0.29 0.35
2 6.093 22.18 0.19 0.31 0.37
5 7.015 22.11 0.20 0.34 0.39
6 8.969 25.19 0.22 0.38 0.43
1 10.245 33.31 0.23 0.39 0.44
• Results
1. None of the columns in this test appear to be affected by con­
vection of the pore fluid during freezing.
2. This test shows well the decrease in bulk salinity between the 
surface and a depth of 0.1 m. It also shows well the increase in 
water content in the first section at the surface of the column 
and the decrease in these values below the first section and above
0.1 m.
3. An analog vacuum gauge installed at the surface of the instru­
mented column did not measure pressures that were less than 
atmospheric pressure during freezing.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 8
BULK SALINITY (PPT)
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Figure 4.11: Bulk salinity profiles measured in each column during Test 
8. The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus.
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Figure 4.12: Water Content profiles measured in each column during Test 
8 .
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Figure 4.13: Temperature profiles measured during Test 8 at the time the 
columns were removed from the freezing apparatus. Tem perature profiles 
were measured at the instrum ented column.
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• Test Purpose
1. This test was to determine the effects of a large surface tem per­
ature decrease on the distribution of the solute in the soil and 
the time transient that had been observed to precede the onset 
of convection in the previous tests.
• Notes
1. All seven columns were saturated as usual and were frozen from 
the top down under a hydrostatic stress with the tops of the 
column capped and sealed.
Summary of Freezing Test 9
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO"3) Transition Ice-Bonded Thermo dynamic
4 0.924 15.37 0.15 0.16 0.20
7 1.226 18.92 0.17 0.18 0.23
2 2.073 25.85 0.24 0.24 0.30
5 3.198 34.38 0.31 0.31 0.37
3 5.958 43.03 0.37 0.37 0.44
6 11.197 30.77 0.43 0.43 0.47
1 17.115 59.59 0.42 0.42 0.47
• Results
1. The last two columns removed from the freezing apparatus ap­
pear to be affected by convection of the pore fluid.
2. The second to last column removed exhibits a decreased water 
content profile over its entire length. Heat from the light in the 
heated chamber melted the tube which connects the base of the 
column with the expansion reservoir. Fluid from this column 
drained which led to erroneous water content measurements.
3. Between the surface of the column and 0.1 m values of the bulk 
salinity exhibit a several ppt decrease. Values of the water con­
tent in this same region show an increase in the first section at 
the surface and a decrease to 0.1 m. These results are similar to 
experimental results from the other tests.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 9
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Figure 4.14: Bulk salinity profiles measured in each column during Test 
9. The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus.
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WATER CONTENT VS. DEPTH
FREEZING TEST 9
GRAVIMETRIC WATER CONTENT (%)
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Figure 4.15: Water Content profiles measured in each column during Test 
9. The first data point at the surface of one of the profiles extend beyond 
the scale of the figure. After 2.073 days of freezing, when this column was 
removed from the freezing apparatus, the surface water content value was 
18.7%.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
L83
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FREEZING TEST 9
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Figure 4.16: Temperature profiles measured during Test 9 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrumented column.
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• Test Purpose
1. This test was to  determine the effects of rapid freezing on the 
distribution of the solute in the columns. The cold base temper­
ature and relatively warm surface temperature insured tha t the 
ice-bearing interface quickly moved through the column.
• Notes
1. All columns were saturated w ith solution in the usual manner, 
however, immediately prior to freezing, the tops were removed 
and the bases were plugged on columns removed after 0.925 and 
7.153 days of freezing.
Summary of Freezing Test 10
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermo dynamic
7 0.876 - 0.10 0.14 0.31
4 0.925 7.12 0.12 0.16 0.29
2 3.167 14.46 0.17 0.29 0.43
3 5.158 15.72 0.26 0.32 0.46
5 7.119 19.30 0.29 0.38 0.51
6 7.153 - 0.31 0.37 0.40
1 17.036 28.39 0.24 0.50 0.57
• Results
1. Only the column that was plugged at the base and open at the 
surface was affected by convection of the pore fluid.
2. Inspection of the profile that was affected by convection shows 
th a t the bulk salinity minimum was within 0.1 m of the surface. 
Columns frozen under a hydrostatic stress have bulk salinity 
minimums just above the ice-bearing interface which is typically 
a t a depth of 0.3 m.
3. The location of the ice-bearing interface in each of the columns 
suggests th a t the columns tha t were plugged at the base and 
open at the surface froze quite differently than the other columns.
4. Seven wires were installed in the instrumented column to act 
as conductivity cells within the sand and pore fluid. They were 
spaced at 5 centimeter intervals beginning at 5 centimeters below 
the surface. Each cell consisted of 10-2 m lengths of wire placed 
horizontally in the column separated by «  10~2 m. Each cell was 
logged every half hour. D.C. excitation current was applied to 
each cell for 0.01 seconds before the reading was taken. Results 
showed that the resistivity of the cells could not be used to in­
dicate the presence of ice or changes in the solute concentration 
in the sand.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
5. In the column removed after 5.158 days of freezing, the tube 
connecting the base of column with the expansion reservoir was 
melted by heat from the light in the heated chamber sometime 
during freezing. Fluid from this column drained which led to 
erroneous water content measurements.
6. The entire column of sand contained ice by the time the last 
column was removed from the freezing apparatus.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 10
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Figure 4.17: Bulk salinity profiles measured in each column during Test 
10. The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a column was 
removed from the freezing apparatus. The first data point at the surface of 
several profiles extended beyond the scale of the figure. At the time these 
columns were removed, the surface bulk salinity values were the following: 
0.876 days 75.7 ppt, 7.153 days 51.9 ppt.
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WATER CONTENT VS. DEPTH
FREEZING TEST 10
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Figure 4.18: Water Content profiles measured in each column during Test 
10. The first data point at the surface of two of the profiles extended 
beyond the scale of the figure. At the time these columns were removed, 
the surface water content values were the following: 0.925 days 52.7%, 7.153 
days 14.2%.
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Figure 4.19: Temperature profiles measured during Test 10 a t the time the 
columns were removed from the freezing apparatus. Tem perature profiles 
were measured at the instrumented column.
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• Test Purpose
1. Investigate the effects of a large vertical tem perature gradient 
on the stability of the pore fluid.
2. Trace the movement of the pore fluid by observing changes in 
position and form of horizontal layers of sand saturated with 
saline solution that had been dyed blue.
3. Several columns were frozen with the base plugged and the tops 
open to determine if the direction of brine expulsion affected the 
pore fluid stability.
• Notes
1. Sand in the columns for this test was saturated with saline solu­
tion and packed into the columns so that sand dyed with Rho- 
damine B indigo dye and sand containing no dye could be en­
tered into the column without the two intermixing. The result 
were two alternating layers of saturated sand 5 to 10 centime­
ters thick separated by sand saturated with clear saline solution. 
These layers were placed near the surface of the columns.
2. Columns removed after 3.990, 6.927 and 9.968 days of freezing 
were opened on the top and closed at the base immediately prior 
to freezing. The remaining four columns were frozen as usual.
Summary of Freezing Test 11
Column Date Mass Fluid Interface Location(m)
Number Removed (kgxlO-3) Transition Ice-Bonded Thermodynamic
4 3.990 - 0.16 0.18 0.19
7 4.042 6.69 0.13 0.18 0.19
3 6.927 - 0.16 0.19 0.25
5 7.032 6.00 0.16 0.21 0.23
2 9.968 - 0.13 0.20 0.27
6 10.048 17.54 0.19 0.23 0.27
1 11.032 8.15 0.19 0.23 0.28
• Results
1. Observations made while sectioning columns that were plugged 
at the base and open at the surface showed that brine was ex­
pelled towards the surface in isolated channels that decreased in 
width towards the surface. These channels indicated that freez­
ing, and the pressure field associated with brine expulsion was 
three dimensional and not one dimensional as in the columns 
frozen under a hydrostatic stress.
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2. In columns in which the pore fluid had convected, portions of 
each section were analyzed for bulk salinity and water content. 
For example, the portion of each section which contained down­
ward moving pore fluid was always analyzed separately from the 
rest of the section. These results appear in each figure as multi­
ple salinity and water content values at each level.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 11
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Figure 4.20: Bulk salinity profiles measured in each column during Test 
11. The legend shows the time, in decimal days, when each column was re­
moved from the freezing apparatus. The horizontal dashed line and symbol 
indicates the position of the ice-bearing interface at the time a  column was 
removed from the freezing apparatus. The first data point at the surface of 
several profiles extended beyond the scale of the figure. At the time these 
columns were removed, the surface bulk salinity values were the following: 
3.990 days 100.66 ppt, 6.927 days 102.53 ppt, 9.968 days 140.47 ppt.
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GRAVIMETRIC WATER CONTENT (%)
WATER CONTENT VS. DEPTH
FREEZING TEST 11
Figure 4.21: Water Content profiles measured in each column during Test 
11. The first data point at the surface of several profiles extended beyond 
the scale of the figure. At the time these columns were removed, the sur­
face water content values were the following: 3.990 days 10.7%, 6.927 days 
12.2%, 9.968 days 12.3%.
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Figure 4.22: Tem perature profiles measured during Test 11 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrum ented column.
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• Test Purpose
1. This test was to determine the effects of a  large initial salinity 
on the distribution of the solute in the freezing sand.
• Notes
1. Each of the seven columns was saturated as usual, capped at 
the surface, open at the base and frozen under hydrostatic con­
ditions.
Summary of Freezing Test 12
Column
Number
Date
Removed
Mass Fluid 
(kgxlO-3)
Interface Location(m)
Transition Ice-Bonded Thermodynamic
7 2.017 4.39 0.18 0.23 -
4 3.931 8.32 0.12 0.41 -
3 3.957 - 0.13 0.29 -
6 6.969 13.31 0.20 0.47
2 7.063 11.43 0.57 0.57
5 9.896 12.11 0.57 0.57 -
1 10.001 13.97 0.57 0.57 -
• Results
1. Problems with accurately determining the bulk salinity of the 
the solution made it difficult to reliably calculate the unfrozen 
parameters.
2. The large brine volume throughout the partially frozen region 
made it difficult to determine the location of the transition and 
ice-bonded interfaces.
3. Although it was difficult to obtain accurate bulk salinity mea­
surements, none of the profiles in this test exhibited a decrease in 
bulk salinity in the partially frozen region or an increase in bulk 
salinity near the base. The lack of these two features suggest 
that convection of the pore fluid did not occur during freezing.
4. Temperature profiles indicate that the entire column of sand 
contained ice after approximately four days of freezing assuming 
a pore fluid salinity of 109 ppt.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 12
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Figure 4.23: Bulk salinity profiles measured in each column during Test 
12. The legend shows the time, in decimal days, when each column was 
removed from the freezing apparatus.
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Figure 4.24: Water Content profiles measured in each column during Test 
1 2 .
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Figure 4.25: Temperature profiles measured during Test 12 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrumented column.
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•  Test Purpose
1. This test was to determine the effects of a small initial salinity 
on the distribution of the solute during freezing.
• Notes
1. Each of the seven columns was saturated as usual, capped at 
the surface, open at the base and frozen under hydrostatic con­
ditions.
2. A leak in the sand box was present during the initial equilibra­
tion stages of cooling. The leak was small and the pore fluid was 
recycled into the sand box. After ~  2 days of freezing the leak 
became large and the box drained to nearly the half way mark.
3. Upon their removal from the freezing apparatus, columns were 
allowed to thaw at room tem perature for up to 2 hours to fa­
cilitate sectioning them with a bandsaw. During this time the 
columns were kept in the vertical position.
4. The position of the ice-bonded interface was determined by tap­
ping the column until the thawed portion of the column settled 
enough that it decoupled from the bonded portion of the column. 
The location of the transition interface was not measured.
Summary of Freezing Test 13
Column
Number
Date
Removed
Mass Fluid 
(kgxlO '3)
Interface Location(m)
Transition Ice-Bonded Thermodynamic
4 0.958 8.53 - 0.14 0.12
7 3.003 23.50 - 0.17 0.24
2 4.919 20.50 - 0.25 0.30
3 6.906 41.39 - 0.30 0.32
5 9.113 41.33 - 0.27 0.35
6 11.169 46.25 - 0.30 0.36
1 12.969 41.77 - 0.30 0.38
• Results
1. None of the columns appeared to have been affected by convec­
tion of the pore fluid.
2. Essentially 100% of the solute was incorporated with the par­
tially frozen sand.
3. The ice-bonded interface was a  sharp discontinuous interface in 
this test. A transition region was not observed.
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SOLUTION SALINITY VS. DEPTH
FREEZING TEST 13
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Figure 4.26: Bulk salinity profiles measured in each column during Test 
13. The legend shows the time, in decimal days, when each column was 
removed from the freezing apparatus. The horizontal dashed line and sym­
bol indicates the position of the ice-bearing interface at the time a column 
was removed from the freezing apparatus.
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GRAVIMETRIC WATER CONTENT (%)
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WATER CONTENT VS. DEPTH
FREEZING TEST 13
Figure 4.27: Water Content profiles measured in each column during Test 
13. The surface water content value on the column removed after 11.169 
days of freezing was 11.3%.
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TEMPERATURE VS. DEPTH
FREEZING TEST 13
Figure 4.28: Temperature profiles measured during Test 13 at the time the 
columns were removed from the freezing apparatus. Temperature profiles 
were measured at the instrumented column.
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In every column analyzed in this investigation, the interface was observed to 
be a  diffuse interface in which the transition from the sand grains being firmly 
ice-bonded to thermodynamically thawed occurred over a  vertical distance which 
was up to 0.19 m in length. General observations indicate th a t the greater the 
difference between the surface tem perature and base tem perature the smaller the 
vertical difference between the transition interface and ice-bearing interface (Test 
9 for example). It was also observed that the greater the initial bulk salinity, the 
larger the vertical distance between these two interfaces (Test 13 for example).
It was generally observed tha t a several millimeter gap existed between the 
top of the sand surface and the base of the aluminum cap. This gap was filled 
w ith air and developed due to settling of the sand during saturation with the 
saline solution and while the columns equilibrated in the freezing apparatus. Bulk 
salinity measurements within the top 0.02 m of the column generally indicate a 
several percent decrease during freezing. W ater content measurements generally 
indicate a several percent increase in the water content within the top 0.02 m of 
the column.
Bulk salinity measurements were used to determine when solute movement by 
convection of the pore fluid began in the columns. Characteristics of profiles which 
indicated the presence of convection were a decrease in the bulk salinity within the 
partially frozen portion of the column and a corresponding increase in the bulk 
salinity at the base of the thawed portion of the column. This criteria indicates 
tha t profiles of bulk salinity, Figure 4.5. were not affected by convection during 
the first 4 days of freezing. Changes in bulk salinity tha t can be associated with 
convection of the pore fluid began after the fourth day of freezing and continued in 
some of the columns until the last column was removed after 14 days of freezing. 
Throughout this investigation, it appears that the onset of convection occurred 
after a transient period of 4 to 10 days. The depth of minimum bulk salinity 
generally occurred at 25 to 80% of the maximum depth of freezing. Columns in 
Test 6 removed after 4 and 9 days of freezing did not exhibit profiles tha t could be 
associated with convection of the pore fluid. The column removed after 4.000 days 
of freezing was sectioned along the axis of the column so tha t the interface could 
be observed in section form. Only the ice-bonded sections of this column were 
analyzed. The column removed after 9 days of freezing did not exhibit features
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
103
associated with convection; it did, however have an ice-bearing interface which 
was 6 to  7 centimeters deeper than the other columns in this test.
Bulk salinity profiles exhibit features im portant to understanding the nature of 
solute movement in the columns. For example, in columns affected by convection, 
the highest rate of change in bulk salinity occurs immediately above the ice-bearing 
interface (Figure 4.5). Bulk salinity profiles after 10 and 14 days of freezing showed 
tha t the bulk salinity within the top 0.2 m of the column is greater after 14 days 
than after 10 days. However, above the ice-bearing interface, the bulk salinity 
in the bottom  portion of the profile had decreased in the 4 day interval starting 
after 10 days of freezing. Figure 4.5 shows tha t once solute convection began, 
the downward flow of pore fluid penetrated the thawed length of the column and 
upward flow of pore fluid penetrated the complete length of the partially frozen 
portion of the column. However, convection in the upward direction did not affect 
the bulk salinity profiles in the partially frozen region as uniformly or to the extent 
tha t downward moving pore fluid affected bulk salinity profiles in the thawed 
length of the column. Profiles of bulk salinity from this test or any of the other 
tests do not appear to exhibit a build up of solute in front of any of the interfaces 
(transition, ice-bonded, thermodynamically thawed).
In an effort to understand the mode of convection within the columns once 
convection began, columns in Test 11 were frozen with sand saturated with solu­
tion containing horizontal layers of Rhodamine B indigo dye separated by layers 
of sand saturated with non-dyed solution. The purpose of placing layers of dye 
within the column was to trace the movement of the pore fluid during freezing. 
Columns in this test were filled with dyed and undyed sand saturated with saline 
solution rather than the dry sand which was later saturated. Filling the columns 
in this way did not allow the dry density of the sand prior to the start of freezing 
to be measured. Columns typically contained two 5 to  10 centimeter thick dyed 
layers in the upper half of the column. These layers were separated by a layer of 
saturated sand 5 to 10 centimeters thick. Observations from this test indicated 
tha t prior to the onset of convection, the dye moved uniformly down a few centime­
ters presumably due to brine rejection which was associated with the formation of 
ice and the density difference between brine and ice. When convection did occur, 
it was observed to consist of pore fluid containing dye which moved down one side 
of the column and up the opposite side. On the side of the column which consisted
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of downward moving dye, the dye was observed along the side of the column in 
a several centimeter wide area and it extended the entire length of the thawed 
portion of the column. Figure 4.29 is a schematic graph of the brine movement 
during convection. The length that pore fluid moved up in the partially frozen 
region could not clearly be observed because of the slight affinity of the dye to the 
sand grains.
In the columns used in Test 11, the columns frozen under a hydrostatic stress 
(with the exception of the instrumented column) were momentarily removed from 
the freezing apparatus each day after the start of freezing to determine when 
convection of the pore fluid began. The instrumented column, the column frozen 
for the greatest length of time, could not be inspected to determine if convection 
had begun because it could have resulted in damage to the thermistor string. The 
first column was removed from the freezing apparatus and sectioned when pore 
fluid was observed to be convecting as indicated by the irregular dye pattern  in the 
column which occurred after 4.042 days of freezing. Movement was observed by 
pore fluid near the ice-bearing interface in one half of the column moving down. 
The dye pattern indicated that convection had just begun in this column since 
the dye had extended only 4 centimeters down one side of the column. This was 
the only column of those checked that exhibited the effects of convection at this 
time. Periodic visual observations of the remaining columns were not made after 
4.042 days. The columns removed after 7.032, 10.048 and 11.032 days of freezing 
exhibited the effects of convection in the dye pattern. Each column affected by 
convection exhibited a similar dye pattern.
The region between the transition interface and the ice-bearing interface ex­
hibited radial asymmetries in the bondedness of the sand which were associated 
with the mode of convection. Where the pore fluid moved down, the sand was 
observed to be less well bonded than in the center of the column. Where the pore 
fluid moved up, the sand was observed to be less well bonded than in the center 
of the column but better bonded than on the side of the column where the pore 
fluid moved down. Bulk salinity and gravimetric water content measurements 
were made on portions of the sand within regions that were observed to contain 
pore fluid that moved up, moved down or did not appear to move. These mea­
surements indicated that the pore fluid moving down had a bulk salinity that was
i_■  ,
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Figure 4.29: A schematic diagram of pore fluid motion during convection 
in the sand columns. The data presented in the figure was obtained from 
measurements made on Column 111 (Column 1, day 11.032 of Test 11) and 
is also presented in Table 4.4. The horizontal darkly stippled areas denote 
the initial configuration of the dyed solution. The lightly stippled areas 
denote the approximate dye distribution after the onset of convection. The 
initial pore fluid salinity was 36.3 ppt.
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1  to  2  ppt greater than the pore fluid moving up, and the pore fluid moving up 
had a bulk salinity tha t was 1  to 8  ppt greater than  the pore fluid in the middle 
of the section. The gravimetric water content appears to be slightly higher in the 
sand with upward moving pore fluid. The gravimetric water content appears to 
be approximately the same in the middle of the section and in the sand where 
pore fluid moves down. Table 4.4 is a summary of these measurements for Test
11. Figure 4.29 is a  schematic graph of the bulk salinity and pore fluid motion 
during convection in the columns.
It was generally observed throughout this investigation tha t freezing would not 
lead to the redistribution of the solute if the location of the ice-bearing interface 
was at or near the base of the column. Tests 10 and 12 are examples of the case 
where the entire column contained ice early during freezing. During Test 10 the 
base tem perature was relatively cold and was close to the freezing tem perature of 
the solution and the surface tem perature was relatively warm. These tem perature 
conditions made it possible for the ice-bearing interface to move through the sand 
relatively quickly. By the seventh day of freezing the columns were frozen to 
within 5 centimeters of the base of the column. Another feature of this test is 
th a t the temperature gradient through the interface was smaller than  the other 
freezing tests. During Test 12 the high initial solute concentration resulted in the 
interface moving quickly through the sand to freeze essentially the entire length of 
the column in 4 days. An exception to these results is Test 8 . In this test, similar 
procedures were used to construct, pack and saturate  the columns. Temperature 
data  for this test indicate tha t the ice-bearing interface did not encounter the base 
of the column; however, pore fluid in the column did not convect during freezing.
W ater content profiles were used to  determine when differential movement of 
the solvent began. Figure 4.6 shows water content profiles from Test 6 . Five of 
the 7 profiles show a several percent increase in water content w ithin 0.02 m of 
the column surface. Inspection of the profiles of water content for all 9 of the 
tests generally shows that these results occurred throughout this investigation in 
columns capped at the surface and open at the base. Each of the profiles in 
Figure 4.6 show a slight systematic decrease in water content between 0.02 m and 
the top 0.1 m of the column surface. The water content profiles do not appear 
to exhibit features that ore associated with the movement of the solute shown in
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Figure 4.5. A slight differential movement of solvent should be expected to occur 
during freezing due to the density difference between brine and ice which results 
in brine expulsion from the partially frozen region during freezing. The effects of 
brine expulsion should be reflected in the gravimetric water content profiles and 
they are reflected in estimates of the systematic uncertainty of the measurements.
Further evidence for a decrease in gravimetric water content due to  freezing is 
the loss of brine tha t was expelled from the base of the column during freezing. 
The contents of the expansion reservoir in the heated chamber were weighed and 
analyzed when a  column was removed from the freezing apparatus so th a t the mass 
of fluid expelled from the column could be calculated and the salinity of the fluid 
could be measured. Table 4.5 presents the mass and salinity of the fluid in each 
expansion reservoir at the time a column was removed from the freezing apparatus. 
The salinity of this solution is presented in Figure 4.5 as the unconnected points 
at the base of the bulk salinity profile.
Tem perature profiles were used to determine how the heat transfer and phase 
change was coupled to the distribution of the solute in the columns. Figure 4.7 
shows profiles of tem perature at the instrumented column at the time each column 
in Test 6  was removed from the freezing apparatus. The warming tha t occurred 
after the ten th  day of freezing when the tem perature in the environmental chamber 
was increased to - 1  °C is also evident. Figure 4.7 also shows that the temperature 
profiles through the interface were smooth and did not exhibit a discontinuity that 
would occur at a sharp interface between a solid and liquid with appreciably dif­
ferent therm al diffusivities. Figure 4.7 also shows the temperature profiles in the 
freezing apparatus before and after the onset of convection in the sand columns. 
The tem perature profiles through each of the interfaces after the onset of convec­
tion are nearly as smooth as those prior to the start of convection. It appears from 
Figure 4.7 tha t with the exception of the last column removed, the temperature 
gradient through the interface after the onset of convection is slightly increased 
over the gradient through the interface before the onset of convection.
Figure 4.30 is a three-dimensional time series of temperature profiles measured 
at the instrum ented column during Test 6 . This figure shows tem perature profiles 
starting from the thermistor 0.05 m above the top of the column to the base of the 
column a t 0.6 m. It also shows well the warming after the tenth day of freezing.
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Fluctuations in temperature profiles near the surface are due to normal temper­
ature fluctuations within the environmental chamber and have an amplitude of 
ph 0.3 °C except during defrost cycles where they may be up to 5 °C. Figure 4.30 
shows that temperature fluctuations within the freezing apparatus that could be 
associated with the onset of convection of the solute within the sand columns were 
not observed. Similar results have been obtained from each of the 8  other tests.
4.3.2 Calculated Results
Bulk salinity and temperature profiles were used to calculate equilibrium profiles of 
brine salinity, brine density and volumetric unfrozen brine content in the column 
using the methods of Section 3.3. Brine salinity was calculated using equation 
3.10. Brine density was calculated using equation 3.11. Volumetric brine content 
was calculated using equation 3.13. Profiles of brine salinity, brine density and 
volumetric unfrozen brine content from Test 6  are presented in Figures 4.31, 4.32, 
and 4.33.
Figures 4.31 and 4.32 show that freezing resulted in a decrease with depth of the 
salinity and density of brine in contact with the ice in the partially frozen region. 
In each of these figures, the changes are relatively continuous with depth except 
at the ice-bearing interface where a discontinuity exists due to the disappearance 
of ice from the pore space, of brine salinity, brine density and brine volume 
meet. Equilibrium profiles of brine salinity and density are dependent only on the 
temperature of the partially frozen solution since specification of temperature fixes 
the salinity of brine in contact with ice. Figures 4.31 and 4.32 do not appear to 
exhibit any features that could be associated with the convection that began after 
the fourth day of freezing. The brine volume, however, is a function of the bulk 
salinity. Figure 4.33 shows that the brine volume decreased in the region affected 
by convection of the solute and it appears that the curvature of the profiles of 
brine volume affected by convection are positive while those profiles not affected 
by convection are negative.
4.3.3 Salt Fingering Experiment
The salt fingering experiment consisted of placing Granusil 30 saturated with 5 ppt 
NaCl solution which contained Rhodamine B indigo dye over Granusil 30 saturated
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Figure 4.30: Three dimensional plot showing temperature data  measured 
at the instrumented column. Time is measured in days since the start of 
freezing, temperature in °C and depth in meters.
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UNFROZEN SOLUTION SALINITY VS. DEPTH 
FREEZING TEST 6
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Figure 4.31: Equilibrium brine salinity in the columns of Test 6  at the time 
they were removed from the freezing apparatus.
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UNFROZEN SOLUTION DENSITY VS. DEPTH
FREEZING TEST 6
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Figure 4.32: Equilibrium brine density in the columns of Test 6  at the time 
they were removed from the freezing apparatus.
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VOLUMETRIC BRINE CONTENT (PPT)
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Figure 4.33: Equilibrium volumetric brine content in the columns of Test 
6  at the time they were removed from the freezing apparatus.
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with distilled water that did not contain dye. Section 2.5 contains the details of this 
experiment. The results of the salt fingering experiment were similar to  the results 
presented by Baker (1987) and Baker and Osterkamp (1989) except the fingers did 
not form as quickly as they did in Baker’s experiments and the maximum velocity 
of the fingers was slightly slower than were measured in his experiments. In Baker’s 
experiment, salt fingers began to form several minutes after the cell was inverted. 
In this test, the fingers began to form approximately 1 hour after the cell was 
inverted. Velocities of the fingers in Baker’s experiment ranged from lxlO - 2  to 0.1 
The maximum velocity of the fingers in this experiment ranged from lxlO - 2  
to 3xl0 - 2  The growth rate appeared to increase with time in a manner similar 
to Baker’s experiment. The length scale of the fingers was similar to the fingers 
observed in Baker’s experiments.
4.4 Summary
In summary, results of the 9 freezing tests suggest that the effects of convection on 
the columns may be readily observed only in the bulk salinity profiles. Freezing 
of the pore fluid does not appear to affect the gravimetric water content profiles 
except within 0.1 m of the surface of the column. Profiles of water content do 
not appear to be affected by convection in a manner similar to the profiles of bulk 
salinity. Results from the bulk salinity measurements suggest tha t the mechanisms 
which lead to the redistribution of the solute during freezing are preceded by a 
transient period of between 4 to 10 days in length. Redistribution of the solvent 
(water) occurs at the top of the columns, but does not occur in the same location 
as the movement of the solute by convection. Profiles of temperature, brine salin­
ity and density do not appear to be affected by the onset of convection. Profiles 
of bulk salinity and brine volume do exhibit the effects of solute redistribution 
through decreasing values in the area above the ice-bearing interface. Measure­
ments of the rate that solution was expelled from the column base during freezing 
shows that the flux of brine from the column rapidly decreases after the start of 
freezing. Observations of the interface between the solid and liquid indicate that 
it is continuous in that the transition from a solid to a liquid occurs over a rela­
tively large vertical distance instead of a short distance as would occur at a sharp 
solid-liquid interface. Associated with the continuous interface between the solid
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and liquid are three interfaces which increase in depth: the transition interface in 
which the bondedness decreased significantly, the ice-bonded interface in which 
the grains were no longer bonded by ice, and the ice-bearing interface. Obser­
vations indicate that the bondedness of the sand grains, at a given depth in the 
column, increased radially inward although often asymmetrically. Asymmetries 
in the radial bonding of the sand grains were associated with brine movement. 
Results of the experiment in which horizontal layers of dye were placed in the 
columns to freeze showed the mode of convection consisted of pore fluid moving 
down one side of the column and up the opposite side of the column. Bulk salinity 
measurements indicate tha t the downward moving pore fluid had a bulk salinity 
that was 1  to 2  ppt greater than the upward moving pore fluid, and 1  to 8  ppt 
greater than the middle of the section. Radial asymmetries in the bonding of the 
sand were associated with the pore fluid movement. Results of the salt fingering 
experiment in the same cell as used by Baker (1987) suggest tha t fingers will form 
for salinity differences much less than those used by Baker (1987) and for density 
gradients which approach those encountered in the freezing tests of this study. 
The velocity of the fingers in this experiment were slower and the period between 
when the cell was inverted and when fingers were first observed was slightly longer 
than in Baker’s experiment.
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Table 4.4: A summary of measurements made of portions of sections which 
exhibited differential movement of the pore fluid during freezing. Direction 
of the pore fluid movement was determined by the movement of dye in the 
pore fluid. The column number refers to either the column number 1  of 
Test 11 which was removed after 11.032 days of freezing or column number 
5 which was removed after 7.032 days of freezing. The initial salinity of the 
sand was 36.3 ppt._________________________________
Column
Number
Depth
(m)
Gravimetric Water 
Content(%)
Salinity
(ppt)
1 1 1 0.205-0.227 25.7 30.7 °
1 1 1 0.205-0.227 25.4 36.5 6
1 1 1 0.205-0.227 24.5 34.4 c
1 1 1 0.227-0.248 27.7 30.4 “
1 1 1 0.227-0.248 25.3 38.5 6
1 1 1 0.227-0.248 25.1 36.6 c
1 1 1 0.248-0.269 26.3 34.5 0
1 1 1 0.248-0.269 25.5 38.0 6
1 1 1 0.248-0.269 24.4 37.1 c
1 1 1 0.269-0.290 25.4 36.5 0
1 1 1 0.269-0.290 25.4 38.3 6
1 1 1 0.269-0.290 25.1 36.7 c
115 0.324-0.342 24.2 35.9 d
115 0.324-0.342 23.9 39.1 e
115 0.342-0.364 24.9 35.7 d
115 0.342-0.364 23.5 39.0 e
115 0.364-0.387 24.9 36.4 d
115 0.364-0.387 23.8 39.3 e
115 0.387-0.405 26.2 37.1 d
115 0.387-0.405 23.8 39.7 e
“ Approximate middle port o f  the section. 
^Downward moving portion o f the section.
'Upward moving portion o f the section.
^Upward moving and middle portion o f  the section. 
'Downward moving portion o f the section.
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Table 4.5: Mass of fluid contained in the expansion reservoir at the time it 
was removed from the heated chamber.________________________
Column
Number
Date Removed 
(Decimal Date)
Mass Fluid 
(xlO - 3  kg)
Flux
(xlO-8 ™)
Salinity
(PPt)
Column 67 0.997 3.17 0.85 37.0
Column 62 2.087 7.29 1 . 0 1 36.2
Column 63 4.000 8.43 0.16 -
Column 65 4.132 13.39 1 0 . 1 35.8
Column 64 9.028 16.63 0.18 35.6
Column 6 6 1 0 . 0 2 1 19.66 0.82 37.0
Column 61 14.000 17.64 -0.14 37.1
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Chapter 5 
Interpretation
5.1 Introduction
Observations and experimental results for the freezing conditions used in this in­
vestigation indicate that the interface between the solid and liquid in the saline 
porous material was a diffuse rather than a sharp, ice-bonded interface. A tran­
sient period of between 4 and 10 days in length after the start of freezing preceded 
the onset of convection and the redistribution of solutes. It has been shown that 
brine expulsion occurs throughout freezing (Baker 1987). However, the major­
ity of expulsion in the columns occurred near the surface of the columns where 
the temperature changes were largest and was best observed before the onset of 
convection.
Observations and experimental results of a diffuse interface and the redistri­
bution of the solute by convection are supported by the results of Wilson (1983) 
and Baker (1987) in which coarse-grained soils saturated with saline solution were 
frozen. Wilson (1983) showed that the interface between the solid and liquid ex­
isted over a vertical distance. He also showed that successful numerical modeling 
of the phase change heat transfer during freezing required the distribution of so­
lutes through time to be known and the latent heat to be distributed over a range 
of temperatures. Baker’s results (see Figures 3.5 and 3.7 in Baker 1987) shows 
that the ice-bearing interface was located 1  to 2  centimeters below the ice-bonded 
interface1. Baker (1987) interpreted his experimental results in terms of a gravity
lrThe location o f the ice-bearing interface was calculated by comparing the bulk salinity 
data presented in Figure 3.5 with the temperature data presented in Figure 3.7 o f Baker’s 
thesis. The temperature data was used to calculate the brine salinity. The location at
117
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drainage phenomenon and quantified the redistribution of a solute in terms of the 
steady rejection of the solute from the ice-bonded interface. Baker’s results also 
show that variations in the amount of solute redistribution occur through time 
during the early stages of freezing.
The experimental results presented in the previous chapter clearly show that 
the physical processes that lead to convection are fundamentally dissimilar to the 
assumptions and boundary conditions which form the basis of the BPS theory (see 
sections 1.2.2 and 1.2.3). The purpose of this chapter is to present an interpretation 
of the results obtained during the experimental investigation. The second section 
of this chapter will present an interpretation of the experimental results in terms of 
the physical processes that occurred during freezing. The third section will present 
results of theory developed to determine the factors that lead to convection of the 
pore fluid. The fourth section will develop a method to estimate the maximum 
amount of solute redistribution due to freezing. The fifth and final section will 
present estimates of the pore fluid velocities during convection and the flux of the 
solute tha t may be expected during convection.
5.2 Interpretation of the Experim ental R esults
The purpose of this section is to present an interpretation of the experimental 
results of this investigation in terms of the physical processes that occurred in the 
sand columns during freezing. This discussion will first focus on the column surface 
and continue toward the base. Conditions within the column both prior to and 
after the onset of convection of the pore fluid will be considered. Throughout this 
section and the remainder of this chapter only the results involving columns frozen 
with the interface under hydrostatic pressure will be discussed. The majority of the 
freezing tests were conducted with the interface under a hydrostatic stress. Table
4.2 and the freezing test summaries presented along with the results of each of the 
freezing experiments in Chapter 4 distinguishes the columns in each test which 
were frozen under hydrostatic conditions from those that were not. The purpose 
of this laboratory investigation was to determine the effects of one-dimensional
which the brine salinity is less than the bulk salinity is the ice-bearing interface. Section 
4.3.1 and equation 3.10 present methods used to calculate the location o f the ice-bearing 
interface.
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freezing tinder a hydrostatic stress on sands saturated with saline solution. In 
this investigation, columns which were open on the surface and closed at the 
base, similar to Baker (1987), were observed to freeze quite differently than  one 
dimensionally and the hydrostatic stress at the interface of these columns was not 
measured and could not be estimated from the experimental results. Experimental 
results which were variations of the standard freezing experiments will not be 
discussed at this time.
5.2.1 Conditions Prior to the Onset of Convection
Conditions prior to the onset of convection in the columns consist of those con­
ditions present after the third column and before the fourth column was removed 
in Test 6 . The third column was removed after 4.000 days of the freezing and the 
fourth column was removed after 4.132 days of freezing.
Figures 4.5 and 4.6 generally show that freezing resulted in a change in the 
water content and bulk salinity in the top 0.1 m of the sand columns. Table 5.1 
contains results from within the top 0.1 m of Column 65. It shows the increased 
water content, salt content, and the decreased bulk salinity in the top 0 . 0 2  m 
of the column. Table 5.1 also shows the decreased water content between 0.019 
m and 0.081 m of the surface. The several millimeter air gap between the sand 
surface and the base of the aluminum cap and the low conductivity of the air could 
result in the larger temperature gradients that were observed at the surface of the 
columns. Section 4.3 discusses the reasons for the air gap at the sand surface.
Table 5.1: An example of the water content and bulk salinity profiles in the 
top 0.1 m of Column 65. The initial salinity of the pore fluid was 34.8 ppt.
Depth Range W ater Content Salt Content0, Bulk Salinity
(m) (%) (%) (ppt)
0.000 -  0.019 29.5 0.948 31.1
0.019 -  0.044 24.7 0.862 33.2
0.044 -  0.062 26.5 0.934 34.1
0.062 -  0.081 26.7 0.961 34.7
0.081 -  0.099 27.4 1.000 35.2
“ The ratio o f mass o f the salt to the mass o f the sand, is defined as the salt
content.
Assuming that the water and salt contents and bulk salinity were constant
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during freezing, the amount of differential movement of water and salt may be 
estim ated and compared with results presented in Table 5.1. The effect of a  pure 
water layer of thickness 81 at the surface of the column on the w ater content in 
the section of length I may be estim ated with a modified form of equation B.3.
WB(%) =  1 0 0 ^  =  100 +  1 0 0 - ^  (5.1)
M s l  \ P d r y  I q t z )  P dry  <
where pw is the density of pure water, pdTy is the dry density of the sand, and j  
is the specific gravity of quartz. Table 5.2 shows the effect of differential water 
movement at the surface of the column for various values of 7  using values of the 
soil param eters discussed in Appendix B. These values suggest th a t a pure water 
layer 3 to  4% of the section thickness could increase the water content a t the surface 
of the column to the observed value in Table 5.1. Taking the thickness of the first 
section to  be approximately 0 . 0 2  m  suggests tha t an equivalent layer of pure water, 
6x l0 - 4  to  lxlO - 3  m in thickness, flows into the first section. Observations were 
not made of the location of this water layer in the section.
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Table 5.2: Calculated changes in the water content and bulk salinity due 
to the transport of fluid to the surface of the column during freezing. The 
ratio  j  is the ratio of the thickness of the water layer to the thickness of
the section.________________________
j  W ater Content Bulk Salinity
(%) (%)___________(ppt)
2 28.6 33.8
3 29.3 33.0
4 29.9 32.3
5 30.6 31.7
6 31.2 31.0
7 31.9 30.4
8 32.5 29.8
9 33.2 29.3
The decrease in bulk salinity at the surface of the column due to the transport 
of pure water into the first section may be estimated using equation 5.1 and the 
definition of salinity. The bulk salinity of a section of sand and solution can be
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Ms
SB(ppt) =  1000 » » . .  (5.2)
expressed as
Msl Msl
Ms
=  10007----------------^ -7,— z r  (5-3)(  P W __________ 1  \  I PW  61 |  J w . y  v  '
\Ptfry *Vqtz}  P d r y   ^ ^ S L
Table 5.2 shows tha t the formation of a water layer 5 to 6 % of the section thickness 
could result in the observed value of the bulk salinity at the surface of the column. 
In a  section 0.02 m thick, this corresponds to  a water layer lxlO - 3  to 1.4xl0 - 3  m 
thick.
Table 5.1 shows the decrease in both the gravimetric water content and bulk 
salinity within the top 0.1 m of Column 65. Between 0.02 m and «  0.1 m of the 
sand surface, freezing generally resulted in up to a 1 . 6  ppt decrease in bulk salinity 
and a 1  to 2 % decrease in the water content in the columns except for the region 
immediately below the top section where the water content decreases by as much 
as 3% from the initial values. The decrease in water content results from the flux 
of pure water to the surface of the column and the formation of ice in the fixed 
volume of the pore space.
The formation of ice in the pore space also results in a decrease in the water
content and bulk salinity as both salt and brine are rejected from the pore space
during freezing. The decrease in water content associated with partial freezing of 
the pore fluid may be estimated, neglecting the effects of salt transport, by
W B(%) =  1 0 0 ^ W c ,+ ( 1 ~ y^  (5.4)
P d r y
which is a  ratio of the mass of brine and ice to the mass of soil. In equation 5.4, 
tj is the porosity, and Vau is the absolute brine volume which is the fractional 
equivalent of equation 3.12. Equation 5.4 provides only an estimate of the phase 
change effects on the water content because the mass of the brine is used instead 
of of the mass of the water. However, the error introduced by this approximation 
is negligible. Table 5.3 presents calculations for a  35 ppt solution which shows 
the decrease in gravimetric water content for various brine volumes. It shows that 
freezing results in a maximum decrease in the water content of 1.3%. The decrease 
in w ater content should be greatest in the region near the sand surface where the 
coldest temperatures are present.
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Table 5.3: Decrease in gravimetric water content due to freezing sand sat-
urated with a 35 ppt NaCl solution.
Temperature
( ° C )
Brine Volume 
(VAu)
W ater Content 
(%)
II 1 to I—* 1 . 0 0 27.5
-2 .2 0.95 27.4
-2 .6 0.79 27.1
-3.0 0 . 6 8 26.8
-3.4 0.60 26.6
-3.8 0.54 26.5
-4.2 0.49 26.4
-4.6 0.44 26.3
-5.0 0.41 26.2
Since brine expulsion can result in only a 1.3% decrease in the gravimetric water 
content and the experimental results in Table 5.1 suggest that the water content 
decreases by up to 2 %, flow of water out of the pore space between 0 . 0 2  and 0 . 1  m 
of the column surface must occur. The effect of this water transport will be most 
pronounced nearest to the surface of this region where the temperature gradient 
is large and may be estimated using an expression analogous to equation 5.1
W B(%) =  1 0 0  ( ■ -  — ) -  1 0 0 - ^ “  (5.5)
\ P d r y  I q t z )  P d r y  ‘
A W(%)  =  WB(%) -  100 ) =  - 1 0 0 ^  (5-6)
\ P d r y  I q t z )  P d r y  *
Results of these calculations for the 0.08 m region of reduced water content are 
presented in Table 5.4. This table shows that a 1 millimeter thick layer of water 
must be transported to the surface of the column to produce a general 1 % decrease 
in the water content between 0.02 m and 0.1 m of the surface. The thickness in 
the water layer at the of the column calculated in this manner is similar to the 
thickness necessary to produce bulk salinity and water content values at the surface 
of the column.
Results of a  brine expulsion model presented by Cox and Weeks (1975) for 
laboratory grown NaCl ice and by Baker (1987) and Baker et. al (1990) for the 
frozen columns of saline solution suggests that a 1 ppt decrease in bulk salinity can 
be expected to occur during freezing. The decrease in the bulk salinity between
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Table 5.4: Estimates of the reduction in water content between 0.02 m and 
0.1 m due to  water transport to the surface of the column. The reduction 
in water content is for a section 0.08 m in length. The equivalent thickness 
of the fluid layer, 81, is the amount of water transported from this region.
81
(mxlO-3)
Change in W ater Content 
(%)
0.4 -0.33
0 . 8 -0.65
1 . 2 -0.99
1 . 6 -1.31
2.4 -1.96
0 . 0 2  m and 0 . 1  m appears to be on the order of 1 ppt which agrees well with the 
results presented by Cox and Weeks (1975) and Baker (1987).
Interpreting these results which suggest that pure water flowed towards the 
sand surface during freezing is difficult because it is not clear what physical process 
drives fluid flow in this region. The potentials which will be examined which could 
drive this flow include an osmotic potential due to concentration differences and 
a pressure potential due vertical vapor pressure differences in the brine.
Brine salinity concentration gradients near the surface of the column due to 
the large vertical temperature gradient results in a large osmotic potential within 
the brine. Flow in response to an osmotic potential occurs when the movement of 
ions are restricted relative to that of the water, at a semi-permeable membrane for 
example. Preferential flow of water has been conjectured to occur in the vicinity 
of negatively charged mineral surfaces (Hillel 1980) and has been termed a “salt 
sieving”. When the thickness of the water layer approaches the thickness of the 
diffuse double layer that forms adjacent to charged soil particles, 1 0 -1° to 1 0 ~ 9 m, 
then an appreciable degree of restriction of the charged ions can be expected (Hillel 
1980) and preferential flow of pure water could occur. In practice, the effects of 
the diffuse double layer is observed in fine-grained soils where the specific surface 
area of the soil is large so that the accumulated effect of these double layers 
becomes great and where the permeability is low so that flow in response to other 
potentials does not occur. These conditions should also exist in the freezing sand 
for preferential flow of water to occur during freezing, however, they do not. In a 
fine-grained soil the specific surface area of the soil ranges from 1 0 5 to 1 0 6  ^  while
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for Granusil 30 with an average radius of 2.5x10 4 m 2 suggests a  specific surface 
area of 10 which is 4 to 5 orders of magnitude smaller than in the fine-grained 
soil. For the same amount of fluid to flow along the mineral grains in a coarse­
grained soil the flow velocities must be 4 to 5 orders of magnitude greater in the 
coarse-grained soil, or the thickness of the layers tha t the fluid flows must be 4 to 
5 orders of magnitude greater in the coarse-grained soil than in the fine-grained 
soil. Further, the brine volume in these tests was generally greater than 30% of 
the pore space which suggests that the liquid layers next to the sand particles 
were fractions of the pore diameter which may be near 1 0 ~ 5 m and not the 1 0 - 9  
m required for preferential water movement to occur in response to the osmotic 
potential. In short, although an osmotic potential exists in the coarse-grained 
soils during freezing, it is difficult to conclude that the experimental results, which 
show that pure water flows to the surface of the column during freezing, occur in 
response to  the osmotic potential.
The transport of pure water in the freezing sand can also occur by vapor 
transport, however, for this to occur the soil must be unsaturated to allow the 
vapor phase to exist. It is very difficult to completely saturate a porous medium 
and evidence exists in Table 5.1 that the top 0.1 m of the column may not be 
completely saturated at the end of freezing, consequently, it is possible tha t vapor 
transport can occur near the surface of the columns during freezing. The diffusive 
flux of vapor due to a  vapor density gradient has been expressed by Hillel (1980) 
as
qv= ~ D v i h  (5,7)
where qv is the vapor flux, Dv is the diffusion coefficient of water vapor in the soil 
and pv is the density of the water vapor. Equation 5.7 may be rew ritten with the 
chain rule to make explicit the temperature dependency of the vapor pressure
qv =  ~ D v i r l h '  (5,8)
The vapor pressure of the brine in the partially frozen region may be determined 
from measurements of the vapor pressure of ice as a function of tem perature since 
the equilibrium freezing tem perature of a solution is the tem perature tha t vapor 
pressure of the solid is equal to the vapor pressure of the liquid. Sturm (1990) 
formed a least squares fit to the vapor pressure of ice as a  function of temperature
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
which was presented by List (1951) and found tha t
=  AeBT (5.9)n r
where A  =  5.789xl0-3 and B  =  9.658xl0-3 and T  is the tem perature in degrees 
Celsius. Sturm  (1990) also presented a value for the diffusion coefficient of water 
vapor in air, D 0 =  2.1xl0 - 5  sf-. Assuming tha t Dv =  D 0, although it is probably 
much smaller and is a  function of the soil saturation, and substituting equation 5.9 
into equation 5.8 then differentiating gives
= -1 .2 x l0 - 8 e9'658xlo"2T^ .  (5.10)
m2 -s ox
Finally, dividing both sides of equation 5.10 by the density of pure water changes
the mass flux of water vapor to the volume flux of water due to vapor transport
« . ( - ? - )  =  —1.2xl0- l l e96s8xltr*T~ .  (5.11)m 2 • s ox
Figure 4.7 shows tha t prior to warming the surface tem perature of the freezing 
apparatus, the average tem perature within the top 0.04 m was -4.5 °C and the 
average tem perature gradient was 25 Substituting these into equation 5.11 
provides an estim ate of the equivalent amount of water transported by vapor 
through the column and suggests tha t qv =  1.9xl0_1° ^  =  1.64xl0~5 The 
experimental results suggest that approximately 1  millimeter of water must be 
transported in several days. These estimates suggest vapor transport cannot ac­
count for the observed water content and bulk salinity profiles within 0 . 1  m of the 
column surface even when a value of the vapor diffusivity in air is used.
In summary, the experimental results tha t show tha t the independent move­
ment of pure water to the surface of the column during freezing cannot be inter­
preted using currently available hypotheses on the factors which cause fluid flow in 
soils during freezing. Fluid flow in response to an osmotic potential was considered 
as a  mechanism for fluid flow, however, the present level of understanding of how 
this phenomenon occurs in a partially frozen soil suggests tha t it would not occur 
in the freezing sands. Vapor transport by diffusion near the surface of the column 
should occur because it is difficult to achieve 1 0 0 % saturation in the sand columns. 
However, an analysis has shown that volume of pure water transported as a  vapor 
is quite small and cannot account for the volume of pure water transported during 
freezing.
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The region below 0.1 m and above the ice-bearing interface has a  nearly con­
stant salinity profile prior to the onset of convection. It appears from Figure 4.5 
tha t some of the bulk salinity profiles show slight increases, between 0.5 and 1.0 
ppt, in this region. A slight increase in bulk salinity in the column below the area 
affected by brine expulsion could be expected because brine expelled from a region 
due ice formation will be of relatively high salinity. In the sand columns, brine 
expulsion during freezing displaces fluid through the base of the column which 
may lead to a  slight increase in the bulk salinity in the region below that affected 
by brine expulsion. Uncertainty in each bulk salinity measurement is 0.8 ppt. 
Consequently, the uncertainty in the bulk salinity measurements does not allow 
the slight increase in the bulk salinity profiles to be determined with certainty.
Between the ice-bearing interface and the base of the column the bulk salinity 
and gravimetric water content profiles are essentially constant. Slight variations 
in bulk salinity and gravimetric water content appear to be random and are due 
to limitations in the laboratory analysis. However, variations in the water content 
profiles could be due to differences in the packing of the sand within the column 
and the loss of water from the sections while they were cut with the bandsaw.
Relatively constant bulk salinity profiles through the ice-bearing interface in­
dicate tha t the solute strongly affects the heat transfer within the columns (see 
Section 1.2.3.2 for a discussion). The high concentration of salt within the sand 
and uniform bulk salinity profiles means that the change in phase of brine to ice 
occurs over a  large temperature range i.e., the solute strongly affects the heat 
transfer over a  large temperature range. The high concentration of salt within 
the sand and initial temperatures that were generally within 0 . 6  °C of freezing 
means tha t temperature changes within the column associated with the surface 
tem perature decrease moved through the sand more quickly than they would if 
the concentration of salt were low since only a fraction of the latent heat is evolved 
from a solute rich pore fluid. For example, the ice-bearing interface moved 0.24 
m during the first 24 hours of Test 6  (initial salinity of 35 ppt), but only 0.12 m 
during the first 24 hours of Test 13 (initial salinity of 1 ppt) for approximately 
similar temperature boundary conditions.
In summary, the interpretation of the conditions and processes occurring within 
the sand columns prior to the onset of convection shows that redistribution of 
the solute during freezing was minimal. A small amount of flow to the column
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surface supports a decrease in bulk salinity and an increase in the water content 
within the first section of the column, typically 0.02 m of the surface. Between
0 . 0 2  m and 0 . 1  m below the surface brine expulsion leads to a  decrease in bulk 
salinity of approximately 1  ppt and a decrease in the gravimetric water content of 
approximately 1.3%. Fluid flow to the surface of the column leads to  an additional 
slight, < 1  ppt, decrease in the water content within this region, however this is 
mainly located near the surface of the column. These results have shown that 
the presence of the solute strongly affects heat transfer during freezing since the 
solute concentration is large. The large solute concentration and small difference 
between the initial temperature and freezing temperature of the solution at the 
start of freezing means that the ice-bearing interface propagated very quickly 
through the sand column with less latent heat evolved due to freezing than in the 
fresh water case.
5.2.2 Conditions After the Onset of Convection
Experimental results have shown that convection of the pore fluid leads to a pro­
gressive decrease in the bulk salinity within the partially frozen region, and a. 
progressive increase in the bulk salinity within the thawed region. These results 
show that for a  fixed initial salinity near 35 ppt and variable temperature bound­
ary conditions, the onset of convection of the pore fluid generally occurs between 
4 and 10 days after the start of freezing.
The main utility of the freezing apparatus was in the identification of the effects 
of freezing on the distribution of the solute in the columns and the timing for the 
onset of convection. Inconsistencies in the data trends in both of these areas 
suggest subtle changes in the initial or boundary conditions significantly altered 
the experimental results. For example, Test 6  showed that the first features that 
could be associated with convection were present in the columns removed after 4 
and 10 days of freezing, but not in the column removed after 9 days of freezing. 
Also in this test, the position of the ice-bearing interface appears to have decreased 
by 0.07 m between the ninth and the tenth day of freezing. Test 8  showed that 
convection of the pore fluid does not always occur during freezing even though 
this test was quite similar in all known respects with Test 7 and the temperature 
profiles measured during freezing do not indicate inconsistencies tha t could lead
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
128
to the measured results. Results of Tests 6  and 8  suggest that care must be taken 
when comparing the results from columns that were part of the same freezing test.
After the onset of convection, it is principally the partially frozen region be­
low the area affected by brine expulsion and above the ice-bearing interface that 
decreases in bulk salinity. This region is characterized by an overall decrease in 
bulk salinity from the column surface to the minimum bulk salinity which occurs 
from 40 to 80% of the length from the top of the column to the ice-bearing inter­
face. Above the minimum in bulk salinity, the effects of convection appear to be 
minimized by a lower brine volume which results in a lowering of the permeability. 
Below the minimum in bulk salinity, the effects of convection appear to be reduced 
by similarities in brine salinity between the displaced and displacing fluids. The 
gravimetric water content does not appear to be affected by the movement of the 
solute within this region.
The diminished effects of convection in lowering the bulk salinity in the region 
between the bulk salinity minimum and the thermodynamic interface may be made 
by drawing an analogy to the dilution of a solution in a  constant volume V  which 
initially contains a solution of salinity 5  and density p. Dilution of this solution 
to a salinity S'  with a solution of salinity S"  requires a  fraction of the volume to 
be replaced which may be calculated from the change in the mass of salt in the 
control volume. The initial mass salt in the system is pVS,  the final mass salt is 
p 'VS ', and the solution used to dilute the original solution is p"V"S".  The volume 
fraction that must be replaced to attain the final solution may be expressed as
8V p'S' -  pS  
V  ~  p " S " - p S '
Equation 5.1 shows that the fraction of the volume which must be replaced to 
obtain the final salinity becomes unbounded as the salinity of the displaced and 
displacing fluid approach each other. A reduction in bulk salinity in the partially 
frozen column due to convection occurs by a similar process except the process of 
dilution does not occur in a constant volume in the partially frozen sand.
In the partially frozen portion of the column, the brine salinity and density in 
equilibrium with ice are determined by the local temperature. During convection 
it has been observed that fluid from the thawed region displaces fluid from the 
partially frozen region. A warmer displacing fluid from below equilibrating with 
its colder surroundings leads to ice formation in the pore space which increases
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the brine salinity to match the salinity specified by the local tem perature. Return 
flow to  the thawed region removes salt from the partially frozen region and leads 
to the progressive redistribution of the solute from the partially frozen region to 
the thawed region.
The analogy to the constant volume dilution experiment presented above may 
be drawn from the differences in brine salinity necessary to effectively reduce the 
bulk salinity. If the displacing and displaced brine are very close in salinity, i.e. 
have similar temperatures, then the amount of ice tha t must form as the fluid 
equilibrates with its new surroundings is minimal. As the tem perature differences 
between displaced and displacing fluids increases, so does the diluting effect of 
convection. Such a result would suggest tha t the minimum in bulk salinity should 
occur where the tem perature gradients are largest which is at the surface of the 
column. However, superimposed on this situation is the effect of changes in the 
permeability of the partially frozen soil. D arcy’s law shows tha t, for a given 
flow, the pressure gradient necessary to m aintain a  constant discharge increases as 
the tem perature decreases. Since permeability depends strongly on tem perature 
(equation A .l) and the density gradient which drives the flow is proportional to the 
tem perature gradient, as the permeability of the partially frozen sand decreases, 
the tem perature gradient necessary to drive the flow must increase. It appears from 
these considerations tha t the minimum in bulk salinity occurs at a location where 
both the partially frozen permeability and tem perature gradient are relatively 
large. Above the minimum in bulk salinity the lowered permeability implies tha t 
a larger tem perature gradient is necessary than is available to drive convection 
and the flow of fluid by convection is diminished. Small tem perature gradients in 
the region below the minimum in bulk salinity lead to  similar tem peratures in the 
brine which reduces the effectiveness of convection as a means for decreasing the 
solute concentration in the sand.
Figure 5.1 supports these arguments by showing tha t the largest ra te  of change 
in bulk salinity during Test 6  occurred where both  the brine volume and tem per­
ature gradient were moderately large. Figure 5.1 shows tha t the decrease in bulk 
salinity occurs at a rate up to 1.5xl0 - 4  ^  for tem perature gradients between 2 
and 10 However, a large scatter exists in the data  which makes it difficult 
to draw relationships between the rate of change in bulk salinity, brine volume 
and tem perature gradient. Baker (1987) showed tha t decreases in the bulk salin­
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ity w ithin the sand columns occurred a t rates of up to  2.5xl0 - 5  ^  for constant 
freezing rates of 5.8xl0 - 8  ^  and tem perature gradients greater than 50 His 
results show tha t for a given brine volume, the larger the tem perature gradient, 
the greater the rate  of bulk salinity decrease due to brine drainage. Cox and Weeks 
(1975) showed tha t decreases in the bulk salinity within salt ice occurred at rates 
which were less than lxlO - 4  ^  for temperature gradients tha t were less than 120 
In general, their results show that for a given brine volume, the greater the 
tem perature gradient the greater the rate  of decrease in bulk salinity. Both Cox 
and Weeks (1975) and Baker (1987) show that the bulk salinity did not change for 
brine volumes less than 50 ppt. In this investigation, the bulk salinity decreased 
at the lowest brine volume encountered (300 ppt), however, at a reduced rate.
The role of the tem perature and temperature gradient on the amount of solute 
redistribution was investigated in Test 9, Figures 4.14 thru  4.16. In this test, 
35 pp t solution was frozen under a cooler surface tem perature and a warmer base 
tem perature than  the other tests conducted with an initial salinity of 35 ppt. Large 
differences between the surface and base temperatures resulted in temperature 
gradients th a t ranged 10 to 30 ^  during freezing. In this test, the region between 
the bulk salinity minimum and the ice-bearing interface was quite small due to 
the large tem perature gradients and the minimum bulk salinity was lower than in 
the other freezing experiments. The interpretation of this test is tha t the larger 
gradients allowed more dilution of the brine to occur during convection due to the 
relatively large differences in brine salinity between the displaced and displacing 
fluids.
In all 9 of the freezing tests, the region below the ice-bearing interface was 
thawed extending to the base of the column. Prior to the onset of convection the 
bulk salinity profile in this portion of the column was constant. After the onset of 
convection the bulk salinity profile in the thawed section of the column increased 
w ith depth indicating tha t it was density stable. Bulk salinity gradients in the 
thawed layer after the onset of convection indicated tha t brine from the partially 
frozen region reaches the base of the column without mixing with fluid in the 
thawed region. This statem ent is supported by observations made during Test 
1 1  th a t showed pore fluid containing dye extended down one side of the column, 
through the thawed layer, to the base of the column.
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DESALINIZATION RATE VS. BRINE VOLUME 
FREEZING TEST 6
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Figure 5.1: Rate of change in bulk salinity vs time for the gradients listed 
during Test 6 . These data indicate that locations of a large temperature 
gradient and small brine volume or a small temperature gradient and large 
brine volume are where rapid desalinization in the sand column occurs. The 
highest rate of change in bulk salinity occurs where both the brine volume 
and tem perature gradient are moderate.
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In summary, transient convection of the pore fluid due to the unstable density 
gradient generated by freezing results in the redistribution of the solute from 
the partially frozen portion of the column to the base of the thawed portion of 
the column. Convection only redistributes the solute, the water content does not 
change significantly due to convection. Variations in brine volume and temperature 
gradient lead to a minimum in bulk salinity between 40 to 80% of the length 
from the top of the column to the ice-bearing interface. Below the ice-bearing 
interface, the pore fluid is density stable which suggests that it is modified by 
convection. Several inconsistencies in the experimental results obtained dining 
this investigation bring into question the utility of this particular experimental 
apparatus as a means for monitoring the redistribution of a solute during freezing.
5.3 Stability o f a Freezing Viscous Fluid in a 
V ertical Tube
The observations and measurements presented in Chapter 4 demonstrated that 
solute redistribution during freezing is a transient phenomena, and tha t the redis­
tribution of the solute is due to convection of the pore fluid. This suggests that a 
steady state, diffusive, salt rejection model is not useful in describing the results 
obtained in this investigation. However, in sea ice research such a model can be 
used to describe the redistribution of a solute during freezing, although, in this 
case the physical processes also do not match the assumptions used in the m ath­
ematical model. The experimental results of this investigation have shown that 
for a model to successfully describe the processes leading to the redistribution of 
a solute in columns of sand during freezing, the effects of convection of the pore 
fluid in the partially frozen portion of the column must be included.
In the absence of potentials other than the gravitational potential during freez­
ing, it is clear that the effect of gravity on the density gradient in the partially 
frozen region leads to convection of the pore fluid. However, the location of the 
instability is not known and the role of the thawed layer below the partially frozen 
region in determining the stability of the fluid in the column is not understood. 
The purpose of this section is to develop a stability criterion for the brine in the 
partially frozen portion of the column and to apply this criterion to the freez­
ing experiments. Although the experimental results suggest that the presence of
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the thawed layer below the partially frozen layer is im portant in determining the 
stability of the fluid in the column, the development presented here is for a  sys­
tem in which there is no coupling of the pore fluid in the partially frozen region 
with the pore fluid in the thawed region. Such a coupling is necessarily complex, 
two-dimensional and could not be developed analytically.
In the sand used in these freezing experiments, it will be assumed tha t the 
mineral grains do not affect the phase relations of the fluid (see Section 1.2.2 for 
a justification of this assumption). Phase relations for aqueous NaCl solutions 
show that the density gradient of the brine due to freezing a  solution with a  bulk 
salinity of 35 ppt (Weast 1976, Baker 1987) may be written as
dpu dpu dT
dx dT  dx (5.13)
=  dpudSu dp%re d T  _  dPu d S u d T
dSv dT dT dx ^  dSv dT dx
~  -1 3
~  m3 • °C dx '
The change in the density of pure water with temperature is approximately - 
3.3xl0 - 2  (Weast 1976) which is two orders of magnitude smaller than the 
density of change of brine with temperature and will be neglected. The change 
in density of brine with temperature was calculated from the phase relations for 
sodium chloride presented in Section 3.3.3, equations 3.10 and 3.11.
In Chapter 4, it was shown that the mode of the instability leading to convec­
tion consists of pore fluid on one side of the column moving up and pore fluid on
the opposite side moving down, which is similar to the instability quantitatively
described by Wooding (1959) for a homogenous porous material in a vertical tube 
saturated with fluid. The similarity between the instability described by Wooding 
and the form of convection in the columns suggests that a similar stability analysis, 
suitably modified to include the effects of a variable permeability, could properly 
describe the system in partially frozen columns of sand. The stability analysis 
should also consider the effects of brine expulsion which results in a  throughflow 
velocity flux which may be either stabilizing or destabilizing to the system de­
pending on the flow direction2. Such a stability analysis would allow the role of
2In columns open at the surface and closed at the base brine expulsion occurs towards 
the surface o f the column. In columns closed at the surface and open at the base brine 
expulsion occurs through the base o f the column.
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the density gradient in the partially frozen sand to be examined as well as to  de­
termine the effects, if any, of brine expulsion on the stability of the fluid in the 
column.
Appendix A presents a development of the stability criterion for the partially 
frozen sand with a  variable permeability and a  small throughflow velocity. The 
permeability of the partially frozen sand was calculated using an experimentally 
determined relationship for a solidifying metallic binary alloy. W ith the exception 
of the effects of a  variable permeability and throughflow on the system, the devel­
opment presented in Appendix A is analogous to  the development presented by 
Wooding (1959). Neglecting, for now, the effect of a throughflow, the criterion for 
stability of fluid in a partially frozen column may be w ritten as
3.390 > k^ < T ; T^ C ^ T
a m V V A U d x
where k0 is a  reference permeability, 7  is the tem perature coefficient for the per­
meability, Tf  is the freezing tem perature, b is the tube radius, C / is the heat 
capacity of the fluid, p0 is a reference density, (5 is the tem perature coefficient for 
the density, g is the gravitational acceleration, a m is the therm al conductivity of 
the medium, 77 is the porosity, Vau i s  the absolute brine volume, and p is the viscos­
ity. The left hand side of equation 5.3 is the Rayleigh number for stability of fluid 
in the vertical tube. The right hand side of equation 5.3 is the derived Rayleigh 
expression for the fluid in the partially frozen portion of the column. Although, 
the effect of tem perature on permeability is non-linear, in this development it has 
been linearized throughout the tem perature range to make the problem solvable 
over the entire length of the column. In general, the permeability must be lin­
ear only in the neighborhood of the point under consideration which leads to the 
generalization _
3.390 >  -  -y -p o /fy  (5.15)
UmllVAUlJ- dx
where k is the average permeability.
Application of equation 5.4 to the results of the freezing experiments may be 
used to determine the utility of this theory as a means for predicting the stabil­
ity of the pore fluid in the freezing columns. W ithout a ■priori knowledge of the 
location of the instability within the partially frozen region, it may only be as­
sumed th a t it is located in the region with the largest Rayleigh number. Measured
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values for the Rayleigh number, A, may be obtained from the temperature pro­
files prior to the onset of convection to determine whether the interface is stable 
to  small perturbations. Timing for the onset of convection was bracketed from 
data obtained in the bulk salinity analysis in each column since the presence of 
convection was not evident in the temperature profiles which were obtained on a 
continuous basis. In Test 6 , convection started between day 4 and day 4.13, the 
tem perature gradient at isotherms of -2.15, -3.1 and -3.5 °C were 2.4, 9.0 and 1 0  
^  respectively (Figure 5.2). Temperatures of -2.15, -3.1, -3.5 °C correspond to 
fractional brine volumes of 0.97, 0.7 and 0.6 respectively for an initial salinity of 35 
ppt. The permeability of the partially frozen sand, k, at these temperatures will 
be taken as 6.4xl0-11, 6 .6x10“ 12 and 2.2xl0 - 1 2  m2 as determined from equation 
A .I. The remaining parameters in equation 5.4 will be taken as: /i =  1.8xl0 - 3  ^  
and Cf = 4.1xl06 (Cox and Weeks 1975), a m =  1.4 (Lunardini 1981), 
and measured values of 77 =  0.4, b2 =  1.33xl0 - 3  m2. Substitution of the measured 
tem perature gradient and the above thermal parameters into equation 5.4 yields 
values for A near the start of convection which are l.lx lO - 1 ,3 .3xl0-2, l.lx lO - 2  for 
the three temperatures. These values range from 1  to 2  orders of magnitude less 
than the theoretical Rayleigh number of 3.390 presented in equation 5.4 with the 
largest value occurring in the partially frozen region near the ice-bearing interface.
The analysis performed on the temperature data in Test 6  was performed on 
each of the eight other freezing tests to  calculate the Rayleigh number within 
the columns near the onset of convection for the thermal conditions presented 
above. The results of these calculations are presented in Table 5.5 and show that 
in general the Rayleigh number is at least an order of magnitude less than the 
theoretical value. These results also show that the largest value for the Rayleigh 
number consistently occurs near the ice-bearing interface.
Uncertainty in the thermal and physical parameters of the partially frozen 
soil needs to be considered because of the effect of parameter uncertainty on the 
measured value of the Rayleigh number. Possible sources of random uncertainty 
accounting for the order of magnitude difference between the measured and the­
oretical Rayleigh numbers include variations in the permeability and the thermal 
conductivity of the medium. The relationship between brine volume and per­
meability is not a consideration because results of the analysis suggest that the
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TEMPERATURE GRADIENT VS. TIME 
FREEZING TEST 6
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Figure 5.2: Temperature gradient as a function of time at isotherms of 
-2.15, -3.1 and -3.5 °C. These gradients were determined for Test 6 and were 
obtained at the instrumented column using the measured temperatures and 
thermistor spacings.
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Table 5.5: Temperature gradient and Rayleigh number for each of the nine 
freezing tests near the onset of convection. Values for A were calculated for 
the gradients measured at isotherms in the the column with temperatures 
o f -3.5, -3.1 and -2.15 °C.____________________________________________
Test
#
Time
(days)
Gradient Rayleigh Number
(A)
Convection
(?)
Temperature (°C) 
-3.5 -3.1 -2.15
Temperature (°C)
-3.5 -3.1 -2.15
5 7.96 4.8 4.1 4.2 1.3xl0~3 2.8xl0-2 2.0xl0_1 yes
6 4.13 10. 9.0 2.4 1.7xl0-2 4.7xl0-2 l.lx lO -1 yes
7 5.00 4.8 4.1 3.3 1.3xl0-2 2.8xl0-2 1.6xl0-1 yes
8 6.09 9.2 9.2 4.8 2.4xl0~2 6.2xl0-2 2.2xl0-1 no
9 5.96 23. 23. 23. 6.1xl0~2 1.6xl0_1 1.1 yes
10 7.12 6.5 5.8 .92 1.7xl0"2 3.9xl0-2 4.4xl0-2 no
11 4.04 21 7.5 5.5 5.5xl0-2 5.1xl0-2 2.6xl0-1 yes
12 3.96 - 7.0 - - 2.4xl0-1 no
13 11.17 3.0 3.0 2.5 1.4xl0-2 2.0xl0-2 1.2xl0_1 no
measured Rayleigh number would be too small by at least a factor of 10 even if 
the thawed permeability were used in the calculations. Laboratory permeability 
measurements varied by only a maximum of 50% for maximum variations in dry 
density of 3%. Tabulated thermal conductivity values (Lunardini 1981) are typ­
ically accurate to better than 25% (Farouki 1982). However, the value for the 
thermal conductivity used in this analysis was the lower limit of the values pre­
sented by Lunardini (1981) in order to obtain slightly conservative values for the 
calculated Rayleigh number. Possible sources of systematic uncertainty include 
variations in the permeability between the sand in the columns and the sand in 
the permeameter. Differences in packing of the sand in each case would be the 
source of this uncertainty. However, the dry density of the sand in the permeame­
ter deviated a maximum of 4% from the dry density of the sand in the columns. In 
short, even allowing for the maximum uncertainty in the Rayleigh number, which 
could be on the order of 100%, the measured Rayleigh number is still too small 
and cannot be used to predict the timing for the onset of convection.
Results from this analysis suggest that the Rayleigh number calculated near 
the onset of convection in the partially frozen columns cannot be used to time the 
onset of convection in the columns. The measured Rayleigh number appears to
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be too small even when liberal estimates in the uncertainties in the thermal and 
physical parameters are taken into account. The result of the  analysis presented 
in this section is that the density gradient in the partially frozen region does not 
directly lead to convection in the columns. However, it is still believed that the 
phase relations between brine and ice within the partially frozen region lead to 
convection of the pore fluid in the column. Although it is only speculative, the 
preliminary interpretation drawn from this analysis is tha t the  instability which 
leads to convection in the columns is due to the unstable density gradient in the 
partially frozen region, but the location where the instability forms is in the thawed 
region below the ice-bearing interface.
For viscous fingers to form in a partially frozen soil the dissipating effects of 
viscosity and thermal diffusion must be overcome. However, for fingers to form 
in the thawed soil the dissipating effects of viscosity and molecular diffusion must 
be overcome. Molecular diffusion occurs at a  rate 1 to  2 orders of magnitude less 
than the rate of thermal diffusion which implies tha t the density gradient necessary 
for the formation of viscous fingers in the thawed sand is much less than in the 
partially frozen sand. As oscillations in the growth rate of the instability within 
the partially frozen sand increase in both magnitude and frequency, which they 
will do as the temperature gradient increases (the imaginary part of the growth 
rate parameter, equation C.29, for example), perturbations will extend from the 
partially frozen region, through the ice-bearing interface, into the thawed region. 
Once in the thawed region, for fingers to  grow they must overcome the much 
reduced damping forces of viscosity and molecular diffusion. The preliminary 
interpretation presented implies tha t the presence of both the partially frozen and 
thawed regions must be considered to calculate a theoretical Rayleigh number 
for the columns. This preliminary conclusion is consistent w ith the experimental 
observations tha t a thawed layer underneath the partially frozen layer is necessary 
for pore fluid in the column to convect.
A general observation which may be made from Table 5.5 is tha t a threshold 
tem perature gradient exists above which convection occurs and below which it does 
not. Temperature gradient data for the tests involving 35 ppt solutions at the ice- 
bearing interface suggest that convection of the pore fluid generally occurred for 
tem perature gradients greater than 5 and that convection did not occur for
tem perature gradients less than 1 to  2 — . If the results of Test 8 are excluded,
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the threshold gradient appears to be 1 to 2
In summary, Wooding’s stability criterion (Wooding 1959) can be used to de­
term ine the stability of pore fluid in a saturated porous medium contained within 
a  vertical column. A density gradient within the column greater than the crit­
ical gradient is subject to convection of the pore fluid until the gradient in the 
column is less than a  critical value. Experiments in a  homogenous column have 
shown tha t the criterion developed by Wooding predicts well the stability con­
dition within the column when the horizontal length scale of the convection cell 
approaches the horizontal length scale of the cylinder (taken to be the radius of 
the cylinder) (Wooding 1959). Wooding’s criterion modified to develop a stability 
criterion based on the conditions in the partially frozen region of the sand column 
was presented in this part of the section. It was shown tha t the modified form of 
Wooding’s criterion does not predict the onset of convection in the columns. This 
result and the experimental observation tha t a thawed layer below the partially 
frozen layer is im portant for convection to occur leads to the preliminary interpre­
ta tion  tha t the thawed layer is im portant in determining the stability of the pore 
fluid in the freezing columns.
5.3.1 Effect o f Throughflow on the Fluid Stability
During the early stages of freezing, transient tem perature gradients developed 
which were several times greater than the tem perature gradients present at the 
onset of convection. Figure 5.2 shows that these large gradients last for 2 to  3 
days and tha t they propagate from the surface towards the base of the column. 
In light of the previous part of this section, the large tem perature gradients near 
the s tart of freezing suggest tha t the pore fluid should begin to convect near the 
start of freezing rather than  later in the freezing experiment. However, this was 
not the case in these experiments and convection did not occur until after 4 to  10 
days of freezing.
The large tem perature gradients during the start of freezing are responsible for 
the rapid propagation of the ice-bearing interface. For example, the summary of 
Test 6 shows the location of the ice-bearing interface through time. In Test 6 the 
interface moved 0.24 m during the first 24 hours of freezing and 0.08 m in the next 
26 hours. Results of the salt fingering tests, Section 4.3.3, showed tha t viscous
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fingers began to form approximately 1 hour after the cell was inverted. Once the 
fingers began to form, they moved at a maximum velocity that ranged from 0.4 
to 5.8xl0~2 ^  with the finger velocity increasing through time during their initial 
growth. Several possible explanations exist for the lack of finger formation during 
the first several days of freezing when the temperature gradients were large: elec­
trical potentials generated by freezing act to stabilize the gravitational potential 
tha t results from the density gradient; a stabilizing pressure force associated with 
brine expulsion during freezing that counteracts the large destabilizing pressure 
force due to the density gradient; and the dynamics of finger growth are such 
that the interface moves too quickly for the instability to form. The remainder 
of this section is devoted to exploring possible explanations for the lack of finger 
formation during the early stages of freezing.
Solutions containing electrolytes of low concentration develop electrical po­
tentials, when frozen, due to preferential incorporation of ions within the crystal 
structure of the ice (Workman and Reynolds 1950). If these potentials are great 
enough they can lead to secondary fluid flow. Measurements have been made which 
suggest that these potentials may be static potentials and on the order of several 
tens of volts at low electrolytic concentration, but that they become diminished 
as the concentration increases (Workman and Reynolds 1950, Cobb and Gross 
1969, Korkina 1975). Although interstitial voltage differences were not measured 
in this investigation, measurements on finer-grained soils than the sands used in 
this investigation and at much lower electrolytic concentrations suggest th a t these 
effects are negligible (Korkina 1975).
The flow of brine out of the partially frozen sand during freezing can result 
in a stabilizing pressure force on the fluid in the pore space due to the pressure 
gradient required to drive the flow. Appendix A addresses the physical reasons for 
this stabilizing force. Experiments on the formation of viscous fingers in a porous 
medium of uniform permeability have shown that the presence of throughflow 
and contrasts in viscosity can either stabilize or further destabilize an unstable 
density gradient (Saffmann and Taylor 1958, Wooding 1960, Homsy and Sherwood 
1976, Park and Homsy 1984, Homsy 1987, Homsy 1989). Appendix A presents a 
development of theory which may be used to determine the effect of throughflow 
on a system of variable permeability. Results of this theory provide a stability 
criterion analogous to the criterion developed by Wooding (1959) to determine
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the stability of a  dense fluid overlying a less dense fluid in a porous media with 
constant physical properties, but with suitable modifications to account for the fact 
tha t the density gradient responds to changes in tem perature rather than changes 
in species concentration. Based on the development presented in Appendix A, the 
stability condition for the brine in the partially frozen column may be expressed 
as _
( 5 '1 6 )
The relative importance of the velocity term  in equation 5.5 may be determined 
by comparing it to the gravitational term. Since the gravitational term may be 
expressed as p0/3g ~  O(102 m2~f,oC), the velocity term in equation 5.5 should be 
of similar magnitude to affect the stability of the fluid in the column. Taking 
^  ~  1 which is correct near the ice-bearing interface where the Rayleigh number 
is largest implies a velocity in the positive, downward, direction which must satisfy
(107 , kg „ )W  = 102 0- - g—  (5.17)
v m3 • s • °C m2 • s2 • °C v ’
This implies tha t W  must be on the order of 10-5 ^  which is approximately 2 to 3 
orders of magnitude greater than the discharge velocity observed in Test 6, Table 
4.5. Velocities required to make the velocity term  comparable to the gravitational 
term  in equation 5.4 are so large that they would invalidate the assumption that 
the throughflow not advect large quantities of heat and not appreciably affect the 
distribution of the solute in the soil. Lowering the permeability of the medium 
to tha t of a fine silt would increase the relative effect of the velocity term to 
the gravitational term in equation 5.4. However, it would be necessary for the 
the temperature gradient to become unrealistically large to drive convection. In 
short, throughflow due to brine changing phase to ice has a negligible effect on 
the stability of the system. The partially frozen permeability and the temperature 
gradient are the two critical parameters required to determine stability of the pore 
fluid.
In summary, an understanding of the mechanisms which control the dynamics 
of viscous finger growth in a porous medium is still far from complete. Interpreta­
tion of the stability conditions suggests tha t the small throughflow present during 
the initial stages of freezing has no effect on the overall stability of the fluid in the 
column. Since electrical potentials that develop during the freezing of solutions
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of concentration used in this investigation are believed to be quite small, it may 
be concluded that the dynamics of associated with the onset of viscous fingers 
and the moving ice-bearing interface contribute to the overall stability of the fluid 
in the column during the early stages of freezing. It is not understood how the 
moving interface and the dynamics of finger growth promote stability of the fluid 
dining the early stages of freezing.
5.4 Solute R edistribution D uring Freezing
The purpose of this section is to present a  method which can be used to estimate 
salinity profiles in the partially frozen portion of the column. The first part of this 
section develops this method and then shows tha t it may be applicable for fitting 
bulk salinity profiles. The method is then used to fit the bulk salinity profiles in 
the partially frozen portions of the profiles affected by convection. The second 
part of this section uses the method developed in the first part of this section to 
predict the maximum amount of solute redistribution that can be expected due to 
freezing.
5.4.1 Development
Figure 4.5 and the other bulk salinity profiles affected by convection generally show 
a minimum bulk salinity at «40 to 80% of the length from the top of the column 
to the ice-bearing interface. The bulk salinity decreases nearly linearly from the 
surface of the column to the minimum. In Section 5.2.2 qualitative arguments 
were presented that suggest bulk salinity profiles in this region are a result of 
both the permeability of the partially frozen sand and the density gradient due 
to changes in brine salinity. Since the permeability and density depend on both 
the temperature and bulk salinity in the sand, simplified forms of the momentum 
equation and the energy equation will be used to parameterize the bulk salinity 
in terms of the temperature and temperature gradient.
The one dimensional momentum and energy equation for the partially frozen 
portion of the column may be written in terms of its average components
=  0 (5-18)
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( c » - £^ ) f =  “ - v 2 f <5-19>
where each of the values are defined in Section 5.3, except for L  which is the 
latent heat of fusion for the salt solution. The inertial term  in the momentum 
equation has been neglected because of the short time constant, <  1 s, for the 
acceleration of the pore fluid (Gosink and Baker 1990). The equivalent terms in 
the energy equation cannot be neglected because pore fluid motion has only a 
negligible effect on the transport of heat. Curvature of the tem perature profiles in 
the partially frozen region could be associated with either the diffusive heat flux 
or variations in the thermal parameters with ice content. However, both  an order 
of m agnitude analysis and a specific analysis of the the tem perature data  from 
Test 6 at day 9.028 of freezing3 shows tha t curvature in the profiles is associated
with the diffusive heat flux and not with the variations in the therm al parameters.
Consequently, this term  has been neglected in equation 5.19. The average density 
used in this analysis will be defined as
p =  Po + p/3(T -  Tf ) (5.20)
which is similar to the form given in Appendix A. Utilizing the hydrostatic as­
sum ption in equation 5.7 with equation 5.9 removes the pressure term  and p0g in 
equation 5.7. Equations 5.7 and 5.8 may then be used to eliminate the average 
velocity and the result rearranged in terms of the average permeability and brine 
volume as a  function of the tem perature to give
(5.2!)Vau Cfp^gfx \ D d t ,
where D  is an effective diffusivity and is defined as the ratio of the thermal con­
ductivity of the medium divided to the apparent specific heat. Using equation 
A .l, the permeability may be written in terms of a power of the brine volume. 
The brine volume is a function of the brine salinity and bulk salinity the fractional 
brine volume may be expressed as
Vau «  (5.22)
ou
3This temperature profile was obtained during the later stages o f  freezing when the 
curvature in the profiles was decreasing, see Figure 4.7.
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which is analogous to equation 3.13. The temperature-dependency of the brine 
salinity may be made explicit by substituting into equation 5.11 an approximate 
expression for the brine salinity
O A S t  ( 0 - 3 5  ppt)
^  ~  A T T -  (0 -2 .1 -C )  -  - 16'7T (5 23)
which is valid in the 35 ppt range. Substituting these results into equation 5.10, 
the bulk salinity in the partially frozen region may be solved in terms of the 
tem perature and the temperature gradient to  give
Se „  ( - 2 = 4 2 - ) *  *  (5.24)
\CfPoPgJ  \  D d t )  dx
The right hand side of equation 5.13 may be further simplified by showing that 
the heat conduction terms in brackets are relatively constant over the temperature 
range of interest. Figure 5.3 shows that the two components of heat conduction, 
the time rate of change of temperature divided by the effective diffusivity and 
the second derivative of spatial heat conduction, axe essentially constant during 
the 5 day period after the onset of convection and before the temperature in 
the environmental chamber is increased at day 10. The assumption that both 
the therm al parameters and the conductive heat transfer terms are approximately 
constant is reinforced because they are taken to a fractional power in equation 5.24. 
Taking these values as constants over the tem perature range normally encountered 
in each column leads to the final simplification of equation 5.12.
- dT  n_1
SB *  C T —  (5.25)dx
where C  is approximately a constant which is the first two terms in brackets on 
the right hand side of equation 5.13. The unknown, n, has not been bracketed for 
partial freezing of components of water and NaCl.
The utility of the parameterization of bulk salinity by the temperature and a 
power of the tem perature gradient presented in equation 5.13 may be observed 
in Figure 5.4 in which n = 3. Figure 5.4 shows tha t columns not affected by 
convection depend only slightly on the parameterization in the region near the 
surface of the column which is affected by brine expulsion. This figure also shows 
tha t for the two columns with bulk salinity profiles affected by convection the
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HEAT BALANCE VS. TIME 
TEST 6
TIME (DAYS)
Figure 5.3: Time rate of change of temperature and the diffusion of heat 
vs. time for Test 6 at a depth 0.20 m below the surface of the column. The 
similarity between the two curves during convection suggest that they may 
be taken as constant in equation 5.12. The Thermal parameters used to 
calculate values for the distributed latent heat are given in Section 5.3.
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bulk salinity is linearly related to the parameterization with each profile having 
similar slopes, or a constant C  in equation 5.13. The parameterization does not 
appear to  work well for the portion of the bulk salinity profiles between the bulk 
salinity minimum and the ice-bearing interface (low values of the temperature and 
temperature gradient). This region, as has been shown, is affected by the thawed 
layer.
The parameterization of bulk salinity with the tem perature and a power of the 
temperature gradient, Figure 5.4, shows that changes in bulk salinity within the 
partially frozen portion of the column may be expressed through the temperature 
and temperature gradient within the column. Values for C, equation 5.13, which 
best fit the experimental data in columns affected by convection, were determined 
by the method of least squares for a given value of n. The best value for n 
was determined iteratively such that the sum of the squares of the deviation was 
minimized.
For each profile affected by convection two curves which had the form of equa­
tion 5.13 were fit to the data. The first curve was fit from the surface to a depth 
which was usually <  0.1 m, the second curve was fit from the bottom of the first 
curve to  the minimum in bulk salinity. Depth to the bottom  of the first curve was 
determined by iteration such that the total sum of the squares of the deviation for 
both curves was minimized. Two curves were fit because they minimized the de­
viation and the results of Piwonka and Flemings (1966) permeability experiments 
suggest that at least two discrete values of n exist depending on the brine volume 
(see Appendix A)4. Results of the curve fit for the two profiles affected by convec-
4In fine-grained soils where unfrozen water content and freezing point depression are 
predominantly due to surface effects rather than the presence o f  a solute, a single value 
o f n has been found to describe the partially frozen permeability reasonably well over 
a temperature range that is within 1 °C of the freezing point o f  the soil solution. In 
these tests the permeability o f the soil decreases several orders o f  magnitude within this 
temperature range. For examples, see Kay and Perfect (1988). The presence o f salt 
within the freezing solutions used in this study results in appreciable quantities o f  unfrozen 
solution to within 5 to 10 °C  o f the freezing point. Differences between the mechanisms 
which lead to the unfrozen water in the fine-grained solute free soils and the coarse-grained 
soils that contain solutes may mean that a single value o f n may not adequately describe 
the permeability brine volume relation. Permeability measurements presented by Piwonka 
and Flemings (1966) made on a partially solidified binary melt o f aluminum that contained 
45 ppt copper suggest that at least 2 values of n are necessary to describe the permeability 
o f the binary melt between the freezing temperature and eutectic temperature. Since the 
H20-NaCl system also solidifies as a binary mixture and has a concentration which is
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Figure 5.4: Parameterization of the bulk salinity measurements made in 
Test 9 with the temperature and tem perature gradient. In this figure, 
data  near the surface of the column corresponds to  large values of the 
parameterization. The majority of the bulk salinity measurements show 
no dependence on the parameterization. However, the bulk salinity profiles 
affected by convection fit the parameterization well and appear to be linear. 
The slope of the line is equal to the constant C  in equation 5.13.
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tion in Test 6 are shown in Figures 5.5 and 5.6. Figure 5.7 shows a similar type of 
curve fit to  the d a ta  from Test 11. Table 5.6 is a summary of the values of C  and 
n  obtained from this fitting procedure. In general, the curves seem to follow the 
d ata  reasonably well except tha t they tend to be somewhat over sensitive to the 
param eterization suggesting tha t a power relationship exists for the tem perature 
portion of the param eterization.
Table 5.6: Results of the curve fits of the bulk salinity data  in the columns 
affected by convection to equation 5.13. Column 116 was fit with only one 
curve._______________________________
Column
Number
Depth Range 
(m) C n
51 0.01-0.04 -54.2 2.01
51 0.05-0.28 -8.68 8.00
53 0.01-0.09 -25.9 2.34
53 0.10-0.20 -23.2 2.60
55 0.01-0.11 -13.0 3.05
55 0.12-0.22 -23.1 2.40
56 0.01-0.08 -8.85 4.40
56 0.09-0.20 -10.3 4.02
61 0.01-0.05 -21.1 4.17
61 0.06-0.24 -12.6 7.02
66 0.01-0.04 -35.1 3.01
66 0.05-0.20 -12.0 7.17
71 0.01-0.10 -13.0 4.99
71 0.11-0.30 -26.6 3.02
91 0.01-0.27 -63.0 2.02
91 0.28-0.40 -80.8 2.01
96 0.01-0.10 -5.51 5.83
96 0.11-0.40 -8.65 2.01
111 0.05-0.05 -20.0 4.56
111 0.06-0.25 -18.4 4.30
116 0.01-0.19 -13.7 6.72
To summarize, in Section 5.2 it was suggested tha t the bulk salinity profiles 
within the partially frozen region in columns affected by convection were due to
similar to the Al-Cu system, a generalization o f  the single value o f  n to multiple values o f 
n may be necessary to describe the permeability o f the partially frozen soil over the large 
temperature range encountered in this study.
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SOLUTION SALINITY VS. DEPTH 
COLUMN 61
BULK SALINITY (PPT)
20 25 30 35 40 45
Figure 5.5: Results of a least squares fit to the bulk salinity data in the 
partially frozen portion of Column 61. The region in which each curve was 
fit is shown in the figure.
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SOLUTION SALINITY VS. DEPTH 
COLUMN 66
BULK SALINITY (PPT)
20 25 30 35 40 45
Figure 5.6: Results of a least squares fit to the bulk salinity data in the 
partially frozen portion of Column 66. The region in which each curve was 
fit is shown in the figure.
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SOLUTION SALINITY VS. DEPTH 
COLUMN 111
BULK SALINITY (PPT)
20 25 30 35 40 45
Figure 5.7: Results of a least squares fit to the bulk salinity data in the 
partially frozen portion of Column 111. The region in which each curve 
was fit is shown in the figure.
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variations in both the permeability and the brine density. In this section, the 
momentum and energy equations were w ritten in terms of the dependency of 
permeability on the bulk salinity and tem perature, and the dependency of density 
on tem perature. These two equations were then used to  parameterize the bulk 
salinity to  the tem perature and a power of the tem perature gradient. The utility  of 
the parameterization as a method to represent the experimental results was shown 
in Figure 5.4. An iterative least squares fit was then used to determine the values 
of n  and C  in equation 5.13 which best fits the data. The least squares fit of the 
param eterization of the bulk salinity data appears to  match the data  reasonably 
well, however, the parameterization appears to be slightly oversensitive to changes 
in the tem perature and temperature gradient. The remainder of this section will 
present a  method to estimate the maximum amount of solute redistribution tha t 
can be expected to occur as a result of freezing.
5.4.2 M aximum Amount of Solute Redistribution During  
Freezing
Figures previously presented in this section showed tha t bulk salinity profiles af­
fected by convection can be parameterized with the tem perature and a power 
of the tem perature gradient. Observations made during the freezing experiments 
have shown that convection appears to begin after an initial transient period when 
a threshold tem perature gradient is reached and continues until the tem perature 
profile within the column becomes steady. Values for C and n determined for the 
non-steady tem perature profiles in the previous part of this section will be used 
with the steady tem perature profiles to estim ate the maximum amount of solute 
redistribution due to freezing.
Param eters C  and n  for equation 5.8 were calculated for each bulk salinity 
profile affected by convection in each of the freezing tests (Tests 5 through 13). 
The results of the curve fits are shown in Figure 5.8 which shows tha t C  is related 
to n  through a  power function with general limits of C ~  —90 for n = 2 and 
C =  —11.9 for n = 7. In general, n appears to be a  function of tem perature but 
this relationship is unclear for a freezing NaCl solution.
The maximum amount of redistribution during freezing may be estim ated from 
bounds on C  and n calculated from the non-steady tem perature profiles in the
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Figure 5.8: Summary of the curve of parameters resulting from the stability 
theory to the bulk salinity data in the sand columns affected by convection. 
Constants C  and n were fit to the data using the method of least squares
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previous part of this section. Bounds on C and n will be used with steady temper­
ature profiles to estimate the maximum amount of redistribution during freezing. 
Since all of the discussion with regard to the maximum amount of redistribution 
due to freezing has concentrated on the partially frozen portion of the column, 
it will be necessary to estimate the amount of redistribution such that the bulk 
salinity profiles in the thawed portion of the column match the experimental re­
sults. These experimental results suggest tha t the difference between the initial 
bulk salinity and the minimum bulk salinity in the partially frozen portion of 
the column is approximately equal to the difference between the maximum bulk 
salinity in the thawed portion of the column and the initial bulk salinity.
Depth to the base of the ice-bearing interface is a function of profiles of both 
temperature and bulk salinity. For a steady temperature profile, the change in 
temperature with depth is constant. However, the bulk salinity profile in the 
partially frozen region depends both on the temperature and a power of the tem­
perature gradient. The increase in bulk salinity in the thawed region depends on 
the bulk salinity minimum. Also, salt must be conserved throughout the column. 
Since the bulk salinity minimum determines the bulk salinity maximum, the lo­
cation of the ice-bearing interface cannot be estimated, it must be determined 
through iteration. The iteration loop consists of the following steps:
•  Choose the initial bulk salinity within the column.
• Choose the surface and base temperatures.
• Choose the values of C and n to be used. Only one set of values 
will be used between the surface of the column and the ice-bearing 
interface.
1. Calculate the depth to the ice-bearing interface based on the 
initial, prior to freezing, bulk salinity profile and the steady state 
temperature profile using equation 3.10.
2. Calculate the bulk salinity profile between the surface of the 
column and the ice-bearing interface which was calculated in 
step 1 using equation 5.25.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
155
3. Calculate the bulk salinity at the base of the column using the 
criteria that the deviation between the maximum bulk salinity 
and the initial salinity is equal in amplitude to the deviation 
between the initial bulk salinity and the minimum bulk salinity.
O r ,  S in itia l ^minimum =  S maxim um  S in itia l-
4. Determine the location of the new ice-bearing interface using 
equation 3.10 and the bulk salinity profile calculated in step 3.
5. Compare the location of the ice-bearing interface calculated in 
step 4 with previous estimates of the ice-bearing interface either 
from an earlier iteration or from step 1. If previous estimates 
of the location of the ice-bearing interface coincide with the 
updated estimates to within 0.01 m then go to step 6, else go to 
step 2.
6. Final bulk salinity within the sand column has been estimated.
Figure 5.9 presents the results of estimates of bulk salinity based on an initial 
bulk salinity of 35 ppt, surface temperature of -4.5 °C and a base temperature of 
-1.8 °C for limiting cases of C  and n using the algorithm presented. In general, 
these results suggest a maximum amount of redistribution on the order of 35 to 
42% of the initial salinity. These bulk salinity profiles indicate a somewhat smaller 
amount of redistribution than the results presented by Baker (1987) in which the 
columns were frozen under substantially cooler temperatures, but they agree well 
with the results presented by Wilson (1983) for similar surface temperatures.
Figure 5.9 compared to Figure 4.5, shows the importance of the coupling of the 
partially frozen layer with the thawed layer. It appears tha t the coupling between 
the two layers increases the bulk salinity in the partially frozen layer through the 
diffuse interface. Profiles of bulk salinity calculated from the parameterization, 
equation 5.7, underestimate the bulk salinity between the bulk salinity minimum 
and the ice-bearing interface.
The value for n is a result of the effect of brine volume on the partially frozen 
permeability of the sand. The brine volume is a function of both the bulk salinity 
and the brine salinity, therefore, values of n are temperature dependent which 
implies a  series of n  will best describe the bulk salinity profiles. An independent
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Figure 5.9: Maximum amount of solute redistribution that can be expected 
to occur as a result of freezing Granusil 30 sand for an initial salinity of 
35 ppt, surface temperature of -4.5 °C and a base tem perature of -1.8 °C. 
Values for C  and n in each curve are shown in the figure.
I
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measure of n  can be obtained from measurements of the permeability as a  function 
of tem perature.
A check on the utility of applying the param eters C  and n measured from the 
non-steady tem perature profiles to  the steady profiles to  estim ate the maximum 
amount of solute redistribution associated with freezing may be made by compar­
ing these results with the results of Column 91 in which the tem perature profile 
had constant slope. Figure 5.10 shows the results of this curve fit. In general, it 
appears tha t this bulk salinity profile would be better described by at least two 
values of n, however, one curve appears to  fit the data  qualitatively well in this 
case.
In summary, estimates of the maximum solute redistribution due to freezing 
may be made by using a param eterization of the form presented in equation 5.6. 
These estimates are relatively unrefined in tha t the tem perature dependence of n 
is unknown, the mechanisms which affect the bulk salinity in the thawed section 
are not clear, and the coupling between the partially frozen and thawed regions 
has not been taken into account either in the theory or in the algorithm used to 
estim ate the final bulk salinity in the partially frozen portion of the column.
5.5 Pore F lu id  V elocity  D uring C onvection
Knowledge of the pore fluid velocity during convection is of interest since the flux 
of salts from the partially frozen to the thawed portion of the column depends on 
the pore fluid velocity. The purpose of this section is to bracket the pore fluid 
velocity tha t may be associated with gravitationally induced convection of the 
pore fluid. This section will present methods for determining bounds on the fluid 
velocity based on tem perature measurements and an independent estim ate of the 
pore fluid velocity based on the rate of change of bulk salinity.
5.5.1 Bounds on the Pore Fluid Velocities
Temperature measurements at either the instrum ented column or the vertical 
tubes next to  the columns did not exhibit features tha t could be associated with 
convection in the column even when it was known tha t convection of the pore fluid 
was occurring, Figure 4.30. These results suggest th a t in the energy equation the
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SOLUTION SALINITY VS. DEPTH 
COLUMN 91
BULK SALINITY (PPT)
15 25 55 45 55 45
Figure 5.10: Bulk salinity profile in Column 91 at the time it was removed 
from the freezing apparatus. The solid line is the measured data and the 
dashed line is the estimated curve using the algorithm discussed in the text.
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magnitude of the advective term relative to the conductive term is small. The 
ratio of the advective term  to the conductive term is defined as the thermal Peclet 
number, Pet, which is expressed as
ub ub (Cm ~
Pet = —  = — i------------- S L / . (5.26)
D a  m v '
If Pet 1 then the conductive term is much greater than the advective term 
in conducting heat. If P e t 1 then the opposite is true. Since observations 
of the temperature a t the instrumented column, Figure 4.30, do not indicate 
incoherent temperature events associated with convection, it may be assumed 
that that Pet < 1 and an estimate pore fluid velocity may be made. Taking 
(Cm — Lr)4¥^J w 5x107 and using the same values for the remaining pa­
rameters as were used in section 5.3 suggests that
1 A W
U < --------m'°c--— 7— «  10"6 — »  10"1 (5.27)
3xl0~2 m • 5xl07 - 3 oC s day
A second estimate for the rate of brine movement in the partially frozen sand 
may be obtained from the rate that a temperature disturbance dissipates by con­
duction. For brine to convect in the partially frozen material, a density difference, 
and therefore a tem perature difference, must exist between the displaced brine 
and the surrounding sand, pore fluid, and ice. Brine movement must occur quickly 
enough through the partially frozen region that the tem perature disturbance asso­
ciated with the movement does not dissipate or convection of the brine will cease. 
Assuming that the displacing brine takes the form of a sphere, the general solution 
to the energy equation for the sphere in terms of a similarity variable, £, may be 
expressed as
T(r, t) = -  C2 J e~?dt  +  C3 (5.28)
where £ =  |  | ---- — -----LJ and C; are constants. The time constant, r , for
equilibration of a disturbance of radius r =  l.SxlO-2 m (half the tube radius to 
match experimental observations of pore fluid on one side of the column moving 
up and the opposite side down) may be expressed as
r 2 (  (Cm -  L r j \  3.3x10-“ m2 5xl07
4 \ a m I 4 1.4 m-oc\v^ ‘°C =  3xl03 s =  0.9 hours.
(5.29)
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A time constant of 0.9 hours suggests that the disturbance should move 1.8xl0-2 
m in at least 3 time constants, this suggests a bound on the disturbance velocity 
which is on the order of 7xl0-3 ^  or 1.6xl0-1
5.5.2 Pore Fluid Velocity Based on Solute Movement
A final estimate of the pore fluid velocity may be made from the rate of change in 
solute concentration within the partially frozen region. The relative contribution 
of the heat advection and conduction terms in the energy equation was expressed 
through the non-dimensional thermal Peclet number. For the equation which 
governs conservation of species, a similar number may be written but in this case 
it is referred to as the solute Peclet number. For solutes, Pes may be expressed as
Pes = ^  (5.30)
K>
where n is defined as the diffusivity of the solute and is on the order of 10“11 — 
Baker (1987). For pore fluid velocities on the order of 10-6 j ,  P es 1 which 
suggests tha t the advective term is important in describing the movement of the 
solute when even the smallest fluid motion is present in the columns. One di­
mensional conservation of a solute for NaCl dissolved in water may be written 
as dMsalt j dMsalt _ r> ft: oi\
F U —  — KV M salt ~  0. (5.31)
The mass salt in the system may be expressed as M sa\t = p j Vj Sb =  PuVu$u where 
the subscript U refers to the brine and subscripts T  refer to the total volume and, 
as usual, S b is the bulk salinity. Substitution of these parameters into the one 
dimensional advection equation, and using the relation Vau — vJ+Vj §ives
85 p 
dt
OVauSu
dx
(5.32)
Figure 5.1 shows the rate of change in bulk salinity vs brine volume for several 
different temperature gradients. This figure shows that, for gradients in the range 
of 2 to 8 the flux of the solute from the partially frozen portion of the column is 
between 5 and lOxlO-5 Data from day 4.13 of freezing in Test 6 suggests that 
dSud[AU =  28 ^ . Substitution of the values presented above into the conservation
I
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equation yields
5 to  lOxlO-5 ^  fippt , , m
“ = -------~  =  1*8x10 to 3.6x10 =  1.5x10“ to  3.1xl0_1— .28 s day
(5.33)
In summary, three different techniques have been employed to bracket the 
magnitude of the fluid velocity occurring in the partially frozen columns during 
convection. These techniques have been used in a  maimer consistent w ith the 
experimental observations made during the freezing experiments. Results from 
this analysis suggest tha t the pore fluid velocity during convection ranges from 
0.1 to 0.3 Measurements of the velocity of fingers in the salt finger cell built 
by Baker (1987), Baker and Osterkamp (1987) and in this study (Sections 2.5 and 
4.4) showed tha t fingers had velocities tha t ranged from 0.1 to  1.4 These 
results in thawed Granusil 30 suggest an upper bound for the finger velocity in 
the partially frozen Granusil 30.
5.5.3 Interpretation of Pore Fluid Velocities
The pore fluid velocity estimated from the tem perature data suggest th a t rates of 
0.2 ^  are present in the sand during convection. This result, along with the rate 
of change in bulk salinity with time may be used to obtain information about the 
nature of convection in the columns.
Figure 5.1 shows tha t the rate of change in bulk salinity w ith tim e is on the 
order of lxlO -4 Figure 4.5 shows tha t the average change in bulk salinity for 
the columns is on the order of 5 ppt over the 0.3 m length. Since the columns 
frozen in this test do not consistently show the presence of convection, it is difficult 
to believe the magnitude of the data presented in Figure 5.1 is representative of the 
true flux of salt from the partially frozen region. However, taking a somewhat low 
value of the bulk salinity change to be 2x l0“5 ^  suggests th a t once convection 
begins the pore fluid velocity must be fairly steady because the flux of the solute 
is so small. Further, if the pore fluid velocity were much greater than  0.2 ^  and 
acted for shorter periods, then tem perature fluctuations associated with convection 
could be measured with the thermistor string at the instrumented column.
Results from Test 6 show that the onset of convection is preceded by a tran ­
sient period between 4 to 10 days in length. Baker (1987) presents d a ta  which
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shows a  similar transient period existed between the start of freezing and when 
the redistribution of the solute approached steady state, see Section 1.2.3.1 for a 
discussion. Once convection begins, it appears to progressively desalinate the par­
tially frozen portion of the column. Results of Test 5 shows th a t, after the onset 
of convection, each column obtained after progressively longer periods of freezing 
exhibited a lower bulk salinity in the partially frozen region and an increased bulk 
salinity in the thawed region. These results are generally confirmed throughout 
the nine freezing tests w ith exceptions occurring only in tests in which the pore 
fluid did not convect.
5.6 Sum m ary
In summary, the experimental results of this investigation have shown that the 
interface between the partially frozen sand and the thawed sand is a diffuse inter­
face. These results have shown th a t the solute strongly affects the heat transfer 
th a t occurs in the columns. W ith  the exception of the top 0.02 m of the column 
where a  small amount of water, bu t not salt, moves into this region, freezing ini­
tially results in the incorporation of nearly 100% of the solute w ithin the partially 
frozen sand. Several days later, after the ice-bearing interface has nearly reached 
its maximum depth, pore fluid in the column begins to convect and the solute is 
redistributed from the partially frozen region to the thawed region.
Attem pts to understand the stability of pore fluid in the partially frozen region 
through the use of a stability criterion applied to the partially frozen layer only 
was not useful as a  means for predicting the onset of convection. This analysis 
has shown that the Rayleigh number measured at the onset of convection is 1 to 
2 orders of magnitude less than  the theoretical value. It has also shown that the 
largest Rayleigh number is near the ice-bearing interface. This analysis and the 
experimental results have shown th a t a complete description of the mechanisms 
which leads to convection in the column must include the presence of the thawed 
region in the stability analysis. The several day long transient between the start 
of freezing and the onset of convection in which the tem perature gradient was very 
large was addressed by considering the effect of the pore fluid velocity due to brine 
expulsion on the stability of the fluid in the column. It was concluded tha t the 
small component of velocity due to  brine expulsion has a negligible effect on the
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stability of the pore fluid in the column. The transient period between the start 
of freezing and the onset of convection was concluded to be due to dynamic effects 
associated with the formation of viscous fingers which are not understood.
Experimental results which suggest that the bulk salinity in the partially frozen 
portion of the column is affected by the permeability and the density gradient 
were used to parameterize the bulk salinity in the columns affected by convection 
with the temperature and a power of the temperature gradient. Results of this 
parameterization on the columns affected by convection of the pore fluid were then 
used to estimate the maximum amount of solute redistribution due to freezing the 
columns of sand saturated with saline solution. The analysis further highlighted 
the importance of the coupling between the partially frozen and thawed regions of 
the column in terms of their influence of the stability of the pore fluid and showed 
that the maximum amount of redistribution expected could be on the order of 28 
to 42% of the initial salinity.
Finally, three different estimates were made to bracket the velocity of the pore 
fluid while the fluid in the columns was convecting. Two of these estimates were 
based on the conduction of heat and the thermal effects associated with convection 
and the third on the flux of brine from the partially frozen portion of the column. 
These three results bracketed the pore fluid velocity in the columns to be on the 
order of 0.1 to 0.3 Measurements of the velocity of fingers in the salt finger cell 
built by Baker (1987), Baker and Osterkamp (1987) and in this study (Sections 
2.5 and 4.4) showed that fingers had maximum velocities that ranged from 0.1 to 
1.4 These results from tests on thawed Granusil 30 suggest an upper bound 
for the finger velocity in the partially frozen Granusil 30.
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Chapter 6
Conclusions, Potential 
Applications and Areas of Future 
Research Needs
6.1 Introduction
Solute movement in freezing soils is affected by the various potentials which may 
develop in the soil during freezing. These are thought to include: matric, osmotic, 
chemical, electrical and gravitational potentials. Prior investigations have sug­
gested that the parameters important to determining which of these potentials 
develops dining freezing include: grain size, degree of saturation, solute concen­
tration, freezing rate and others. This thesis has presented the results of an inves­
tigation designed to understand the effects of the gravitational potential on the 
distribution of a solute in a saturated partially frozen coarse-grained soil. The 
purpose of this chapter is to summarize the interpretation of the experimental 
and theoretical results, apply these results to natural freezing processes and to 
suggest specific areas of additional research to address the shortcomings of this 
investigation.
6.2 Interpretation Sum mary
The purpose of this section is to summarize the results and interpretation of the
experimental investigation of the processes leading to the redistribution of a solute
in coarse-grained soils during freezing. The first part of this section presents a
summary of the experimental observations. The second part presents a summary
164
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of the experimental results and the third part summarizes the theoretical results.
6.2.1 Experimental Observations
Experimental observations made during this investigation were generally limited to 
the time while the column was being sectioned with a bandsaw. These observations 
indicate tha t the interface between the partially frozen and the thawed portion of 
the column was diffuse and occurred over several centimeters. It was observed that 
the vertical extent of the diffuse interface increased as the tem perature gradient 
through the interface decreased.
Radial variations in the bonding of the soil grains by ice which varied from 
column to column were associated with the diffuse interface. Bonding always 
increased from the sides of the column towards the center. Often horizontal 
variations in bonding were radially symmetric. However, a t other times it was 
asymmetric and one side of the column was appreciably less well bonded than 
the remainder of the column in the same section. Radial asymmetries in bonding 
were associated with convection of the pore fluid through the diffuse interface. In 
one test, dye was placed in the columns to trace the movement of the pore fluid 
during convection. The less well bonded regions were associated with downward 
moving pore fluid which was confined to a several centimeter wide area on one 
side of the column. On the opposite side of the column pore fluid was observed 
to move up from the thawed region to the partially frozen region. In the middle 
of the column, movement of the pore fluid during convection was not observed. 
The region containing downward moving pore fluid was observed to have a bulk 
salinity tha t was 1 to 2 ppt greater than the region containing upward moving pore 
fluid and 1 to 8 ppt greater than the middle region of the section. Measurements 
of the tem perature difference between regions of sections exhibiting upward and 
downward movement of the pore fluid were not obtained.
6.2.2 Results
The results of this investigation consist of those results prior to and after the onset 
of convection in the columns as well as the theoretical results. Experimental results 
consist of measurements of profiles of bulk salinity, gravimetric water content and 
temperature. Theoretical results consist of the theory developed and applied to
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the experimental results. This part of the section summarizes the experimental 
results bo th  prior to and after the onset of convection, and the theoretical results 
of the investigation.
6.2.2.1 R esults Prior to  the Onset o f Convection
Essentially 100% of the solute was incorporated within the partially frozen region 
prior to the onset of convection. Such high solute concentrations in the partially 
frozen region means tha t the quantity of latent heat released during freezing is 
distributed over a  range of temperatures; a  situation that leads to large freezing 
rates in the column. For example, after 24 hours of freezing under similar tem per­
ature boundary conditions, the ice-bearing interface moved 0.24 m during freezing 
in a 35 pp t and only 0.12 m during freezing in a  1 ppt solution. These results 
suggest th a t the presence of the solute strongly affects the heat transfer within 
the columns by increasing the freezing ra te  of the sand.
The physical processes occurring within the column prior to  the onset of con­
vection include a  small amount of fluid flow within 0.02 m of the column surface, 
and brine expulsion between 0.02 m and 0.1 m of the surface of the column. These 
results showed tha t water flowed to the surface of the column, however, the solute 
did not. Fluid flow led to an approximately 3% increase in the water content and 
an approximately 3 ppt decrease in the bulk salinity within 0.02 m of the column 
surface. It appears tha t the water content of the region immediately below 0.02 m 
of the surface was depleted several percent by flow to the surface. Brine expulsion 
in the region between 0.02 and 0.1 m of the column surface could produce an ap­
proximately 1 ppt decrease in the bulk salinity and an approximately 1% decrease 
in the gravimetric water content. The mechanism which drove the fluid flow from 
the region between 0.02 m and 0.1 m below the column surface to  the region within 
0.02 m of the column surface could not be determined. Calculations of the amount 
of fluid flow due vapor transport suggest th a t the flux of vapor is much smaller 
than  the amount necessary to match the experimental observations. Calculations 
have also shown tha t a salt sieving phenomena in which water but not salt flows 
along the sand grain surfaces could not occur because of the low surface area of 
the mineral grains and the large brine volume in the sand. At locations between 
0.1 m and the ice-bearing interface the bulk salinity appears to  increase less than
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1 ppt. This increase could be due to the effects of brine expulsion occurring near 
the surface of the column. However, the increase is smaller than the estimated 
uncertainty in the measurements.
Results from these tests indicate tha t if the ice-bearing interface reached the 
base of the column, convection of the pore fluid did not occur. Test 10 is such an 
example showing tha t the ice-bearing interface was within 5 centimeters of the 
base of the column after approximately 7 days of freezing and the entire column 
was partially frozen after 17 days of freezing. Test 6  is an example which shows 
tha t after a transient period of 4 to 10 days in length pore fluid in the column 
began to convect. A preliminary interpretion of these results is tha t a  thawed 
layer underneath a  partially frozen layer is im portant in determining the stability 
of the pore fluid.
6.2.2.2 Conditions A fter the Onset o f Convection
The effects of convection of the pore fluid during freezing were observed only in the 
bulk salinity profiles. Convection resulted in a lowering of the bulk salinity in the 
partially frozen region and an increase in the bulk salinity in the thawed region. 
The effects of convection were not observed in the profiles of gravimetric water 
content, or tem perature. Profiles of gravimetric water content exhibit a slight 
decrease in water content in the top 0 . 1  m of the column, however, they do not 
exhibit features th a t can be associated with convection of the pore fluid. Profiles 
of tem perature also do not exhibit features tha t can be associated with convection 
of the pore fluid. Unlike bulk salinity profiles which clearly exhibit the differences 
between the diffusive and convective regimes of the solute, the temperature profiles 
show th a t the heat transport in the columns is conductive.
Experimental results have shown that convection began after the temperature 
gradient at the ice-bearing interface began to increase and after the velocity of 
the ice-bearing interface reached a nearly steady value. The increase in the tem­
perature gradient at the ice-bearing interface was associated with the fixed base 
tem perature of the column. A decrease in the velocity of the ice-bearing interface 
is associated w ith heat conduction, and the increase in the tem perature gradient 
a t this interface. Since the instability generated by freezing is proportional to the 
tem perature gradient, the increasing tem perature gradient near the ice-bearing
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interface promoted the instability of the pore fluid.
Bulk salinity profiles in the thawed portion of the column are density stable in 
that less saline, thus less dense, solutions overly more dense solutions. This result 
is interpreted to show that brine movement from the partially frozen region to 
the thawed region occurs without appreciable mixing of the brine in the thawed 
region. This interpretation is supported by observations of pore fluid movement 
when layers of dye were placed in the columns and frozen. Observations indicated 
tha t pore fluid containing dye moved down one side of the column to the base 
where it spread out over the entire cross-sectional area of the column.
Pore fluid velocities during convection were estimated based on the experi­
mental results of the laboratory investigation. Velocity estimates were based on 
a small thermal Peclet number, time transients associated with convection and a 
large solute Peclet number. A small thermal Peclet number results from the heat 
transfer occurring by diffusion. The time transient of convection results from the 
thermal disequilibrium that is necessary for convection to occur, the length scale 
of the convective cells and the apparent diffusivity of the soil matrix. A large 
solute Peclet number results from the transport of the solute occurring mainly by 
convection instead of by diffusion. These three methods for estimating pore fluid 
velocities during convection suggest that these velocities ranged from 0.1 to 0.3
m
day*
6.2.2.3 Theoretical Results
The observations which indicate that pore fluid motion during convection consisted 
of pore fluid on one side of the column moving down and pore fluid on the opposite 
side moving up are consistent with the pattern of convection that occurs in a 
stability criterion presented by Wooding (1959). Wooding (1959) developed a 
stability criterion for pore fluid motion in a column filled with a homogenous 
material and saturated such that a dense pore fluid overlies less dense pore fluid. 
Wooding’s stability criterion was modified to take into account the presence of 
a variable permeability due to the variable ice content in the porous m atrix and 
a small amount of throughflow that is associated with brine expulsion during 
freezing. The modified form of Wooding’s criterion takes into account only the 
partially frozen region and not the thawed region which is under the partially
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frozen region.
The modified form of Wooding’s stability criterion in the partially frozen re­
gion was then used to compare the theoretical Rayleigh number with the measured 
Rayleigh numbers at the onset of convection. Results of this analysis at the start 
of convection showed that the measured Rayleigh number was consistently 1  to 2 
orders of magnitude less than the critical theoretical value. The largest measured 
Rayleigh number was consistently located near the ice-bearing interface. The pa­
ram eter with the greatest effect on the measured Rayleigh number is the partially 
frozen permeability. However, when permeability values which were measured in 
the thawed sand were substituted into the Rayleigh expression, the calculated 
Rayleigh number was still and order of magnitude less than the critical theoretical 
value. Finally, the effect of brine expulsion during freezing was shown to have a 
negligible effect on the stability of the pore fluid. A preliminary interpretation 
of these results shows that the presence of the thawed layer underneath the par­
tially frozen region is important in determining the stability of the pore fluid. The 
4 to 10 day period between the start of freezing and the onset of convection is 
not understood, however, downward movement of the interface could suppress the 
formation of fingers of convecting pore fluid.
6.2.3 Summary
In summary, the major effect of convection that results from freezing the sand 
columns was the redistribution of the solute from the partially frozen region to the 
thawed region of the column. Observations indicate that the mode of convection 
consists of pore fluid on one side of the column moving down and pore fluid on the 
opposite side of the column moving up. The bulk salinity in the regions containing 
downward moving pore fluid was 1  to 2  ppt greater than regions where the pore 
fluid was moving up, and 1  to 8  ppt greater than in the middle of the column 
where pore fluid was not observed moving.
Convection began after a  4 to 10 day transient period and was associated with 
both an increase in the temperature gradient at the ice-bearing interface, and a 
slowing of the rate of change in the position of the ice-bearing interface. Theory 
developed to characterize the stability of fluid in a column filled with a homogenous 
porous material was modified to take into account the variable permeability due to
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variations in the ice content and the throughflow due to brine expulsion. Results of 
this theory applied to the freezing experiments showed tha t the measured Rayleigh 
number is one to two orders of magnitude less than the theoretical value. The 
largest measured Rayleigh number was at the ice-bearing interface. It was also 
shown that brine expulsion has a negligible effect on stability of the pore fluid. 
Observations that a thawed layer, below the partially frozen layer, was important 
in determining the stability of pore fluid were preliminarily interpreted as the 
reason for the disparity between the measured and theoretical Rayleigh numbers. 
Pore fluid velocities associated with convection have been estim ated to be on the 
order of 0.1 to 0.3
Additionally, freezing affected the bulk salinity and water content near the 
surface of the column. These effects were mainly observed in columns not affected 
by convection since the magnitude of their effect was smaller than the effects of 
convection on the bulk salinity and water content. W ithin the top 0.02 m of the 
column, the first section of the column, freezing resulted in an approximately 3% 
increase in the water content and an approximately 4 ppt decrease in the bulk 
salinity over the initial values. Below 0.02 m and above 0.1 m the water content 
is decreased below its initial value by up to 2 % and bulk salinity is decreased 
by up to 1 to 2 ppt. The increased water content and the lowered bulk salinity 
within 0 . 0 2  m of the column surface has been interpreted in terms of the flow of 
pure water, independent of the salt, to the surface. It was shown that a water 
equivalent of approximately 5% of the section thickness flowing into the section 
can produce the observed bulk salinity and water content values. Presumably the 
water flowed to the surface from the region between 0 . 0 2  and 0 . 1  m of the surface 
because these parameters are also shown to be affected by a decrease in the water 
content. However, it is difficult to distinguish between the effects of pure water 
flow and brine expulsion due to freezing in this region. The driving mechanism 
for the flow of water but not salt in this region is unknown but an analysis has 
shown that it is probably not a result of vapor transport nor is it likely a  result of 
salt sieving.
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6.3 P oten tia l A pplications to  N atural Freezing
The purpose of this laboratory investigation was to  develop an interpretation of 
the experimental results tha t is consistent w ith the processes tha t occurred during 
freezing. It was also the purpose of this study to  express the interpretation in a 
form so tha t the maximum amount of solute redistribution during freezing could 
be estim ated. Since it was not possible to  develop a  theory consistent with the 
experimental observations and it was not possible to  apply the results of the BPS 
theory to these results, 1 the application of these results to  natural freezing situa­
tions in which soils saturated with saline solutions are frozen is quite limited. The 
purpose of this section is to discuss the potential applications of these experimen­
tal results to  natural freezing situations. The first part of this section will discuss 
the limitations imposed by the finite size of experimental apparatus. The second 
part of this section will discuss the application of this work to natural freezing 
situations.
6.3.1 Limitations of the Experim ental Apparatus
Features of this experimental apparatus which must be considered before applying 
these results to  natural freezing situations are the fixed length and diameter of 
the columns, and the constant surface and base tem peratures imposed by the 
environmental chamber and the radiator.
Tem perature measurements during freezing suggest tha t the onset of convec­
tion occurred near the time when the tem perature gradient at the ice-bearing 
interface began to increase. The tem perature gradient at the ice-bearing interface 
increased because the interface was nearing the base of the column which had a 
fixed tem perature. The heat flux from the base of the column also decreased the 
velocity tha t the interface moved through the column.
The surface tem perature of the columns was fixed and was relatively constant 
except for short periods when the environmental chamber went through a  defrost 
cycle. During the initial stages of freeze-up the ground surface is not covered with
*A plot o f ln (£ — 1) versus freezing rate, where k is the ratio o f bulk salinities on the 
thawed and partially frozen sides o f the ice-bonded interface, for the results o f Test 5 is 
not as linear as the data presented by Baker (1987) and the line fit to the data has a slope 
which has the opposite sign o f the results presented by Baker (1987).
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an appreciable thickness of snow so tha t temperature fluctuations in the soil may 
be as large as 10 °C (Johnson and Hartm an 1971). Diurnal tem perature fluctua­
tions as well as fluctuations associated with changing weather patterns can result 
in temperature gradients near the surface of the soil which were not encountered 
nor investigated in this research. Fluctuations in the weather have been observed 
to result in convection within the snowpack (Sturm 1990) and colder ground sur­
face temperatures than would be expected based on temperature diffusion through 
the snowpack.
Experimental observations indicated that the horizontal dimensions of the con­
vection cells were constrained by the diameter of the sand column. Theory used to 
describe the stability of the fluid in the column used boundary conditions imposed 
by the rigid boundary encountered along the side of the column. Natural freez­
ing situations do not have such horizontal boundary conditions and would not be 
expected to have the horizontal length scales constrained as in the columns.
6.3.2 Application of the Experimental Results to Natural 
Freezing Situations
The results of this investigation showed that for the freezing conditions imposed on 
the columns, and for the sand permeability used in the tests, fluid in the column 
was marginally stable. The density gradient near the most unstable location in 
the column was approximately -65 -jffi (equation 5.2 with a tem perature gradient 
of 5 ^ ) .  Baker (1987) showed that for a similar sand with similar initial salin­
ity, convection always occurred for a density gradient at the ice-bonded interface 
that was approximately -1300 jffi. Baker also showed that the redistribution of a 
solute during freezing could lie modeled with a steady state diffusive theory, BPS 
theory. The results presented in this thesis suggest that convection will not occur 
if the initial pore fluid salinity is near 35 ppt and if the temperature gradients are 
significantly smaller than 5
Experiments conducted using solutions with initial salinities tha t were 1  and 
100 ppt rather than 35 ppt showed that convection of the pore fluid did not 
occur. However, like the 35 ppt solutions, essentially 100% of the solute was 
incorporated within the partially frozen sand. The differences between these two 
solutions and the 35 ppt solution are the density gradient due to freezing and
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the brine volume in the partially frozen region. The density gradient is shown 
to be related to the temperature gradient in equation 5.2. However, the change 
in brine salinity with temperature, used in equation 5.2, is not constant with 
temperature; at - 1  °C, ^  =  -16.80 at - 2  °C, ^  =  -16.43 and at 
-10 °C, =  —11.00 At the freezing temperature of a 100 ppt solution,
the density gradient is 33% less for a given temperature gradient than it is at the 
freezing temperature of a 35 ppt solution. This implies tha t the brine volume is 
large, or that only a small amount of latent heat is released during freezing in very 
concentrated solutions. The result is that the ice-bearing interface moves much 
more quickly during freezing in a 100 ppt solution, than it does in a 35 ppt solution. 
Also, the density gradient in a 100 ppt solution, the driving force for convection, 
is 33% smaller than in a 35 ppt solution. In the test with a 100 ppt solution, 
the entire column contained ice before the pore fluid could convect. In the test 
involving the 1  ppt solution, just the opposite occurred; freezing resulted in the 
removal of «  95% of the latent heat at the ice-bearing interface and convection did 
not occur. For convection to occur during the freezing of concentrated solutions, 
solutions with concentration of 1 0 0  ppt, the temperature gradient at the ice- 
bearing interface must be increased significantly. For convection to occur in dilute 
solutions, solutions with concentration of lppt, the tem perature gradient at the 
ice-bearing interface must be decreased to the point that a significant volume of 
brine is present in the partially frozen region. These results are non-intuitive and 
warrant further investigation. However, they suggest very critical and restrictive 
bounds on the occurrence of convection in saline porous soils when they are frozen.
In natural freezing situations, soils are not constrained by the boundaries that 
were imposed on the columns by the freezing apparatus. Consequently, the ap­
plication of the results of the laboratory investigation to field situations is not 
clear. The experimental results indicated that convection of the pore fluid was 
dependent on the presence of a thawed layer underneath a  partially frozen layer, 
an increase in the temperature gradient at the ice-bearing interface and a slowly 
moving ice-bearing interface. An active layer underlain by permafrost could freeze 
over a period of months without a substantial increase in the temperature gradi­
ent near the ice-bearing interface. In this case, convection of the pore fluid is not 
likely to occur unless the active layer is thick enough for the tem perature gradient 
through the ice-bearing interface to increase before the active layer is completely
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frozen. During the annual freezing of soil that is not underlain by permafrost, 
the soil is likely to have the largest temperature gradient through the ice-bearing 
interface during winter, disregarding the initial freezing when a  snow cover might 
be absent. Since the temperature gradient increases as the freezing rate slows 
and the soil is underlain by thawed ground, it would appear tha t the conditions 
necessary for convection to take place are present. The effects of temperature 
variations during freezing, however, could complicate this simple interpretation. 
For example, multiple freeze-thaw events associated with freezeup could lead to 
convection because large temperature gradients are associated with rapid freez­
ing and thawing. Variations in the distribution of solutes with depth could also 
complicate this interpretation because of changes in the freezing rate as the ice- 
bearing interface passes horizons of different solute concentration. However, the 
effects of these variations in salinity on the stability of the pore fluid are largely 
unknown.
An initial attem pt to determine the effects of natural tem perature variations 
during freezeup on the distribution of the solute in Granusil 30 were made by 
freezing 3 columns under a hydrostatic stress during the fall of 1988 at the Uni­
versity of Alaska Experimental Farm. These columns were frozen in tight fitting 
PVC sleeves similar to those used in the laboratory investigation. However, the 
method used to maintain the hydrostatic stress during freezing was different from 
method used in the laboratory investigation. The diameter of these tubes was 
4.45xl0 - 2  m. Figure 6.1 shows the bulk salinity profiles in two of these columns. 
These bulk salinity profiles show that the effects of natural freezing complicates 
the interpretation of the profiles. However, the general effects of convection and 
pore fluid motion may be observed to affect the distribution of the solute in one 
of the columns in a manner similar to the laboratory experiments. These profiles 
also show that similar columns frozen under approximately similar conditions were 
not affected by freezing as uniformly as the columns obtained in the laboratory 
experiments. Finally, these profiles show that natural freezing, which includes the 
effects of diurnal temperature changes, complicates the interpretation of the bulk 
salinity profiles.
Based on the results of this study, the maximum amount of solute redistribu­
tion during freezing is more difficult to calculate than previously hypothesized.
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BULK SALINITY (PPT)
15 20 25 30 35 40 45 50
SOLUTION SALINITY VS. DEPTH
UNIVERSITY OF ALASKA FREEZING EXPERIMENT
Figure 6.1: Bulk Salinity profiles from two columns frozen under natural 
freezing conditions in the field of the University of Alaska Experimental 
Farm. The columns were completely frozen when they were sectioned.
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Baker (1987) froze columns saturated  with 35 ppt solution at constant rates and 
w ith interfacial tem perature gradients tha t were approximately 1  to 2  orders of 
magnitude greater than those th a t occur in natural freezing conditions and was 
able to fit his results with a  steady state diffusive theory. This study has shown 
th a t when freezing rates and tem perature gradients through the ice-bearing in­
terface are imposed to approximate those tha t occur during freezeup, it is very 
difficult to  predict whether convection of the pore fluid will occur. Further, it has 
been shown tha t the methods and techniques available to estimate the maximum 
amount of solute redistribution during freezing are quite limited.
A useful method to estim ate the amount of solute redistribution during freezing 
may be to simply summarize the results of the freezing experiments performed in 
this study and the results presented by Wilson (1983), Chamberlain (1983), and 
Baker (1987). Wilson’s results showed that freezing resulted in the lowering of 
the bulk salinity in the partially frozen region of the soil by between 26 to 43% 
of the initial solute concentration of a sandy gravel. W ilson’s results also showed 
th a t the lower the initial solute concentration, the greater the percentage change 
in salinity. Chamberlain’s one test in a sandy silt showed that freezing resulted 
in a  maximum change in bulk salinity of 19%. Baker’s freezing tests showed 
th a t freezing resulted in an approximately 50 to 75% reduction in salinity in the 
partially frozen region. In general, Baker’s results show a  greater amount of solute 
redistribution at the lower freezing rates. This investigation has shown freezing 
results in an approximately 30% reduction in bulk salinity when convection occurs. 
Results from these four studies may be generalized as follows: (1) the higher the 
freezing rate, the less salt redistribution (Baker 1987); (2 ) the greater the difference 
between the freezing tem perature of the initial solution and the temperature which 
leads to freezing in the column, the greater the amount of salt redistribution 
(Baker’s results compared with the results of this study); (3) the coarser the 
soil, the greater the permeability, and the more salt redistribution during freezing 
(Cham berlain’s (1983) results compared to results from this study); and (4) the 
smaller the initial concentration the greater the salt redistribution (Wilson 1983).
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In summary, several limitations associated with the finite size of the freezing exper­
iment make it difficult to apply the results of this investigation to natural freezing 
situations. These limitations are the column length and radius, and the fixed 
tem perature boundary conditions. This study has shown that the thawed layer 
underneath the partially frozen layer was important in determining the stability of 
the pore fluid. In natural freezing situations constant temperature boundary con­
ditions are not present during freezing. Variable temperature boundary conditions 
may lead to the active layer completely freezing before convection of the pore fluid 
begins. When the freezing soil is not underlain by permafrost, the temperature 
gradient at the interface will not increase during freezing as it did in this study 
and the interface velocity may not decrease as quickly as it did in the soil columns. 
Since, the onset of convection requires a relatively stationary ice-bearing interface, 
natural freezing could lead to significantly greater transient periods between the 
start of freezing and the onset of convection. When determining the stability of 
the pore fluid, it is necessary to have a density gradient sufficiently unstable to 
overcome the dissipating effects of thermal diffusion. For Granusil 30 saturated 
with 35 ppt solution and surface temperatures between 2  to 7 °C below the freezing 
temperature of the solution, this density gradient appears to be on the order of -65 
A method for calculating the amount of solute redistribution during freezing 
that is consistent with the experimental observations does not exist. However, 
freezing generally led to a 30 to 70% decrease in solute concentration within the 
partially frozen region.
6.4 R ecom m endation for Areas of A dditional R e­
search
Conclusions drawn from this research suggest several areas which additional re­
search should lead to significant insight into the mechanisms which lead to convec­
tion and solute redistribution in freezing sands. Additional research in these areas 
is im portant because they play a key role in understanding the processes that lead 
to convection and also because they are not understood well. Factors shown to 
be im portant in determining the stability of the fluid in the freezing of saturated
6.3.3 Summary
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porous media include: the density gradient; the interaction between the thawed 
and partially frozen regions in the column; the permeability of the partially frozen 
region to fluid flow; and the dynamics of finger growth during the initial stages 
of freezing when the freezing rate is large. Of these, only the density gradient is 
sufficiently well known and this is the case only if the soil is coarse-grained enough 
tha t the mineral grains do not affect the freezing relationships. The purpose of 
this section is to discuss the additional research needed in these areas.
6.4.1 The Influence of the Thawed Region on the Stability 
of the Pore Fluid
This research suggests that the stability of the pore fluid in the column is depen­
dent on the presence of a thawed layer underneath the partially frozen layer. The 
processes by which this thawed layer affects the stability of the pore fluid is unclear 
and must be investigated before a stability criterion that properly addresses the 
physical processes leading to convection can be developed. To understand the na­
ture of this instability, laboratory experiments should be performed to determine 
the pertinent length scales and growth rates of the instability at the ice-bearing 
interface during the onset of convection. Numerical solutions, in at least two and 
possibly three directions, of the coupled equations on either side of the ice-bearing 
interface should be developed so that the critical temperature gradient may be de­
termined. At this point there appears to be little hope of obtaining an analytical 
solution for the Rayleigh number of a form similar to the result presented by 
Wooding (1959).
The interaction between a partially solidified porous media and a fluid has 
only been recently addressed in the literature for the case of solidification of met­
als (Chen and Chen 1988). Results of this research suggests that the stability 
conditions are affected to a large degree by the presence of a fluid layer next to 
the porous medium. A similar coupling could be performed for a partially frozen 
porous medium above a thawed porous medium to determine the stability condi­
tions. Such a method could be used to determine the critical Rayleigh number in 
the columns. Numerical modelling of the conditions during convection could be 
used to determine the flux of pore fluid associated with convection.
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6.4.2 Dynamics of Finger Growth in Freezing Sand
The dynamics of finger growth in the partially frozen sand could be significantly 
different from the processes occurring at a miscible front of variable density and 
viscosity but constant permeability (Park and Homsy 1984, Homsy 1988). Dis­
placement of the ice-bearing interface in the freezing columns is not a pressure 
displacement as in the case of most miscible displacements which have been stud­
ied. Rather, the interface displacement is due to the heat conduction and the 
instability is due to a phase transformation. In short, it is clear th a t the phase 
relations between brine and ice lead to the fluid instability, but it is not clear why 
the pore fluid did not convect when both the tem perature gradient and freezing 
rate were large at the start of freezing. It would seem that large freezing rates 
somehow suppresses the onset of convection, however, it is not clear how this 
occurs in the freezing soil.
6.4.3 Permeability of Partially Frozen Sand
Knowledge of the permeability of the partially frozen region to fluid flow is an 
essential parameter for virtually any analysis involving fluid flow during convec­
tion in a porous medium. Metallurgists investigating phenomena associated with 
macrosegregation in metals have developed techniques to measure the permeabil­
ity in a structured medium in each of the 3 different directions. Complications 
with such measurements are associated with tem perature control of the medium 
and making certain that the hydraulic gradients are such that local remelting of 
the sample does not occur (Nasser-Rafi, et al. 1985).
Permeability measurements of the partially frozen region as a function of brine 
volume will determine the temperature dependance of the power relationship be­
tween brine volume and permeability. Knowledge of the dependence of permeabil­
ity on temperature will allow the pressure gradient at the onset of convection to 
be determined.
6.4.4 Summary
In summary, three main research topics are required to further address the pro­
cesses that lead to convection in columns of sand saturated with saline solution
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and then frozen. These topics include: the effects of the thawed layer underneath 
the partially frozen layer on the stability of the pore fluid; the dynamics of growth 
of the instability in a partially frozen media and the effects of a moving phase 
boundary on the growth of the instability; and the partially frozen permeability 
of a porous m aterial containing saline solution. Addressing these three topics will 
lead to further questions, the directionality of permeability in the partially frozen 
region for example. However, they should also lead to  new insights into the nature 
of the instabilities tha t occur during freezing of a  partially frozen porous material 
containing saline solution.
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Appendix A 
Stability Theory
A .l  In troduction
Phase relationships between brine and ice show that freezing a saline solution
from the top down results in an instability in the pore fluid due to dense brine
overlying less dense brine. During the growth of sea ice, it is this instability
and the resulting convection that leads to the progressive desalinization of the
ice. During the growth of ice in a coarse-grained porous material saturated with
saline solution the same phase relationships apply which result in desalinization of
the partially frozen portion of the porous material. However, because the porous
material has a much lower permeability than sea ice, transients in the movement
of solutes have longer time scales and can be more readily observed than in sea
ice (see Baker 1987, Table 3.10 and Chapter 4 of this text). The purpose of this
appendix is to  develop the theoretical concepts which may be applied to determine
the stability of dense fluid overlying less dense fluid in a porous medium of variable
permeability. This theory will be developed for the conditions present in a long
(with respect to  diameter) vertical tube in which the permeability is small on the
top and large on the bottom  and in which the density is large on top and small
on the bottom  (the development will not consider the partially frozen layer to be
underlain by a thawed layer). Both density and permeability will be considered
continuous along the length of the tube and the pore fluid is taken to be completely
miscible throughout the column. The development presented here is similar to tha t
presented by Wooding ( 1  who considered constanpermeability and no throughflow
velocity through aniform porous column. In this development, the permeability
will vary and a constant throughflow velocity will be imposed on the system. This
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appendix consists of three sections. In the first section the relationship between 
brine volume and permeability will be presented. This is followed by a section in 
which the base state, or zero order state of the problem is defined. The appendix 
is concluded with a section on the appropriate form of the linear stability analysis 
for the scaled field equations. A discussion of the application of this theory to the 
experimental results of the laboratory investigation is presented in Chapter 5 of 
the main body of this work.
A .2 Perm eability o f Partially Frozen Sand
Unfrozen water in a porous material occurs when the change in phase from solid to 
liquid or liquid to solid occurs over a range of temperatures instead of at a single 
temperature. The partially frozen material, therefore, may have a significant, but 
reduced, permeability. In fine-grained soils that do not contain solutes, mineral 
grain surface effects lead to the presence of unfrozen water at temperatures below 
the freezing point of the fluid. Solutes in the pore fluid result in the change 
in phase occurring over a range in temperatures, similar to the surface effects, 
but the temperature range over which a solute can affect the volume of unfrozen 
solution is much greater. For example, unfrozen water in a soil due to surface 
effects occurs within only several 0.1 °C of the freezing point, but a soil saturated 
with a 35 ppt NaCl solution will contain significant amounts of unfrozen water 
at temperatures 7 to 10 °C below the freezing point of the solution. Hydraulic 
conductivity measurements on fine-grained soils show that the conductivity drops 
4 orders of magnitude within 0.3 °C of the freezing point (Perfect and Williams, 
1980). These results have been fit with a single power of temperature over the 
tem perature range. Hydraulic conductivity measurements in a  coarse-grained soil 
saturated with a solute have not been made; however, it is not clear, nor is it 
realistic to expect that the permeability could be fit with one single curve over 
such a large temperature range.
Metallurgists interested in understanding the physical processes associated 
with macrosegregation between the solidus and liquidus in solidifying melts have 
performed measurements to determine the permeability of this partially solidified 
region. An early study of the permeability of partially solidified binary melts was 
performed by Piwonka and Flemings (1966) who measured the permeability of
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a copper aluminum alloy. Results of their research showed that permeability is 
related to  brine volume according to
k =  k0VAUn (A.l)
where k0 is the reference permeability, Vau is the absolute brine volume and n 
is an integer which depends on the brine volume. For Vau < 0.3, it was found 
that n =  2 . For Vau > 0.3, n = 7. Subsequent research on solidifying metals 
indicated tha t the permeability of the partially frozen medium is a  tensor, and 
that flow direction affected values of the permeability (Nasser-Rafi, et al. 1985). 
Equation A .l will be used as a measure of the permeability of the partially frozen 
medium. The reference permeability, k0, will be taken as the thawed permeability 
of Granusil 30. Equation A .l and the dependence of n  on the brine volume is a 
generalization of the single value of n that has been used by Perfect and Williams 
(1980) to describe the relationship between permeability and brine volume in a 
partially frozen fine-grained soil.
A .3 Base State Conditions
Base state conditions in the partially frozen soil are the steady, non-convecting, 
conditions on which convection will be superposed. In this case, the freezing 
conditions and distribution of the solute in the sand prior to the onset of convection 
will be regarded as the base state. The purpose of this section is to  present these 
base state conditions for the instability which will be discussed in the next section.
Consider a fluid in a  vertical column which consists of contrasting densities and 
permeabilities as discussed in the introduction. The vertical column is assumed to 
be contained between two plates with the bottom plate temperature at the freezing 
temperature of the pore fluid (Tp) and the top plate at some colder temperature 
which is warmer than the eutectic temperature of the solution. The plates of 
the column are assumed to be located far enough from the point of interest that 
boundary conditions imposed at the end of the column are unimportant. It is 
assumed that ( 1 ) meeting the thermal conditions discussed above have not resulted 
in any initial redistribution of the solute and that (2 ) the bulk salinity profile is 
constant throughout the column. Superposed upon these conditions, assume the 
presence of a steady weak throughflow on the system in the negative, downward,
I
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direction1. Superposition of a  very weak, but constant, throughflow on this system 
does not appreciably affect the thermal field of the system because the flow velocity 
is assumed to  be small enough that the thermal Peclet number for the soil is small. 
Consequently, fluid flows through the system at a  rate small enough tha t the
heat conduction isotherms are not significantly affected by movement of the fluid.
Vertical changes in brine volume are assumed to be small within the neighborhood 
of the region considered which makes it possible to obtain a spatially constant 
velocity in the vertical direction. It is assumed that the throughflow velocity is 
small enough that the distribution of the solute is not affected by this flow 2. Since 
the system as it has been described is steady and one dimensional, the momentum 
equation may be written as
0= -ir+ f“- ra (A-2)
where P  is pressure, p, is the viscosity, u is velocity, p is the density, and g is 
gravity. The pressure gradient in equation A.2 is due to the combined effects of 
brine density and flow velocity. The sign on the Darcy and gravitational terms 
reflect the choice of the positive x direction being directed vertically upward.
The location where the instability will occur is assumed to be the position 
where the contrast in the destabilizing pressure force is greatest. The pressure 
gradient across the interface may be written as
8P = [pu(--  -  j - )  -  O 2 -  pi)g]8x. (A.3)
k 2 M
Where subscripts 1  and 2 refer to the top and bottom  layers, respectively. The 
velocity, u , is considered constant across the layers since only small variations in 
brine content, or porosity of the partially frozen soil, can result in large perme­
ability changes according to equation A.I. For freezing saline soils, the viscosity is 
only slightly temperature dependant compared to the permeability contrasts and is 
also taken as constant. The density, p, is temperature dependant and contributes
1In this development throughflow is superimposed on the system so that it may be 
treated as steady. In practice throughflow is due to brine expulsion during ice formation 
and is not steady, nor spatially constant throughout the column, however, it is to be 
considered constant in the neighborhood of the point to be considered.
2Although the assumption that throughflow associated with brine expulsion does not 
affect the bulk salinity is not strictly valid, experimental observations have shown that the 
amount o f  the solute advected by this throughflow to be quite small.
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to the instability of the fluid. There are two limiting cases in which 8P < 0 that 
dem onstrate the applicability of equation 1.3. The first case occurs when ki =  k2 
(constant permeability), p2 < p\ which implies more dense fluid overlies less dense 
fluid. The second limiting case occurs when p\ =  p2 and k2 < k\, which implies 
a more permeable material overlies a less permeable one. These two cases m atch 
the intuitive expectation for the occurrence of the instability.
If the pressure gradient on the upper surface is greater than  the pressure gra­
dient on the lower surface, then 6P  is <  0 and the interface is unstable to pertur­
bations. If the pressure gradient on the lower surface is greater than the pressure 
gradient on the upper surface, then 8P  is >  0 and the interface is stable. It is 
clear tha t given the permeability and density contrasts discussed earlier, dense 
fluid overlying less dense fluid, a downward velocity of sufficient magnitude will 
stabilize the otherwise unstable density gradient generated by freezing. A simi­
lar analysis has been used in porous media of constant permeability but with a 
variable viscosity to  show that fluid flow in a  porous media can either stabilize 
or further destabilize the fluid (Saffmann and Taylor 1958, Wooding 1960, Homsy 
and Sherwood 1976, Park and Homsy 1984, Homsy 1989). However, in this anal­
ysis only the permeability is allowed to vary since freezing is likely to lead to  large 
permeability changes, but the viscosity will change by only 50% between -4 and 
-10 °C (Cox and Weeks 1975).
Through the simple analysis presented here the destabilizing pressure force as 
well as a  stabilizing pressure force may be identified. The presence of a stabiliz­
ing pressure force depends on the flow direction and permeability contrast. The 
destabilizing pressure force is due to the density contrast. The right hand side of 
equation A.3 must be negative for an instability to grow. However, the equation 
offers no insight into the timing for the onset of the instability or the wavenum- 
ber it will have once it begins. Consequently, 8P < 0 in equation A.3 may be 
thought of as a necessary condition for the onset of an instability. The necessary 
and sufficient conditions for an instability to grow will be discussed in the next 
section.
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A .4 Linear Stability A nalysis
Establishing necessary and sufficient conditions for the onset of a gravitational 
instability in either a pure fluid or a  fluid contained in a  porous medium usually 
involves determining a  critical Rayleigh number for the fluid where the Rayleigh 
number is a ratio of the destabilizing forces to  stabilizing forces. Derivation of the 
Rayleigh number for the onset of an instability results from linearization of equa­
tions which describe the incompressibility of the fluid, conservation of momentum, 
and either conservation of species (concentration for example) or energy (through 
the tem perature of the system for example). The purpose of this section is to 
derive a  Rayleigh number for the fluid in a partially frozen porous medium using a 
linear stability analysis and to apply the analysis to  the conditions present in the 
columns frozen in the freezing apparatus. Throughout this section the formulation 
of Wooding (1959) will be used, however, with the modifications discussed above.
The stabilizing forces in the fluid are viscosity, and molecular and thermal 
diffusivity. However, since the unknowns are pressure, velocity and concentration, 
only three equations are necessary to describe the system. Since the concentration 
of brine is specified by the temperature and since the thermal diffusivity of the 
brine is orders of magnitude greater than the molecular diffusivity, the appropriate 
expression to  describe the conservation of brine is the energy equation. The three 
field equations applied to this problem are
0 =  V- t T (A.4)
' f  = (A'5)
(c ” -  Lr>d- w )  f + ^  ^ (A-6>
where C f is the heat capacity of the fluid, Cm is the heat capacity of the medium,
a m is the therm al conductivity of the medium, L  is the latent heat of the pore
fluid, rj porosity and Vau is the brine volume. Together tjVau form the porosity 
of the partially frozen material. The velocity is defined as u and is the Darcy 
velocity of the pore fluid. The advective term  in equation A . 6  has the partially 
frozen porosity included to scale the Darcy velocity to the velocity of the fluid 
through the pore space.
Boundary conditions for this problem are applied only to the wall of the tube
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since it is considered long compared to the diameter. At the wall of the tube no ma­
terial enter or leaves the tube so the horizontal velocity is zero. Also, observations 
indicate tha t it is not necessary to apply the no-slip velocity boundary condition 
at the wall of the tube since fluid flow is concentrated along this boundary. A 
non-zero velocity is assumed rather than the physically correct no-slip boundary 
condition to match the observations. The boundary condition for vertical velocity 
is tha t the horizontal gradient in the vertical velocity is zero at the wall of the 
tube. These two boundary conditions may be expressed as
v — w =  0  (A.7)
1  =  0 (A.8 )
(A.9)
where u is the vertical component of velocity, and v and w are the two horizontal 
components of velocity.
Two elements important in this derivation are the change in density and per­
meability associated with changes in temperature. These two relations may be 
expressed as
p =  Po( l  + P ( T - T F)) (A.10)
k = k0(l  +  j ( T  — Tf )) (A .ll)
where the relations between temperature and density and permeability have been 
linearized. The variation in density with temperature is expressed as /3
f  = h . %  ' A-12>
1  ( d Pbd s b dPZ L r \  1  dpb d s b _ -.013 
Po\ d S b dT dT J ~ PodSb dT °C ' 1 ;
Where pb and Sb are the density and salinity of the brine. Similarly, the variation 
in permeability with temperature is expressed through 7  which is defined as
’  -  i §  <A-14>
— n V 71-1 ^ AU ~  n ^  — —  (A 15)- rt AU dT  T  - oC . .
I
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Both 7  and /? have been calculated for Tp near the freezing temperature of a 35 
ppt solution.
Perturb the system of equations, A.4 through A.6 , by letting 9 =  T - T f , 
and let each of the variables of interest consist of average and fluctuating terms 
according to
u =  u + u
9 =  9 + 9' 
P  =  P  + p'
P — p +  p' =  P o (l  +  0 )  +  Pof39' 
k =  k +  k' =  k0( l  +  7  9) +  k0j  9'
Since 04/l order quantities are properties of the base state and 2nd order and higher 
quantities are assumed to be small, they and higher order terms may be subtracted 
from the field equations to give three equations which contain only first order 
terms. These three field equations may be expressed as
V • u = 0  (A.16)
- /  fu' k'u\ du' tk
- V p - ‘‘ { T - - W ) + p s  =  (A '17)
The Boussinesq approximation will be used to perturb the density term. The 
term (Cm — Lrj^F-^j is considered to be relatively constant over small temperature 
ranges as will the partially frozen porosity term. The velocity and permeability 
perturbation terms in the momentum equation were solved by writing the Taylor 
series expansion to the permeability term. This may be expressed as
u +  u u +  w
k 4 - k1 k
Prior to the onset of convection the gradient in the average temperature is 
one dimensional in the vertical direction. Similarly, throughflow which occurs 
in the base state, expressed as u = W , acts only in the vertical direction and 
is constant. Scaling the field equations with these assumptions and definitions, 
and substituting in the temperature dependence for the average and fluctuating
I
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permeability terms, the three scaled field equations may be w ritten in terms of 
three variables: velocity, pressure and temperature.
V • u =  0 (A.20)
-  mi+V)+^ = ^  ( a ! ‘ }
where D  =  is an effective diffusivity which will be taken as a constant in
the neighborhood of the instability.
As usual, the pressure term is eliminated from the momentum equation with 
the use of the continuity equation which reduces the three field equations to two 
scalar equations containing only perturbed vertical velocity and pressure terms. 
Following the formulation of Wooding (1959), each of the three spatial directions
are scaled to a  characteristic length, b, with the exception of the term  in the
average tem perature gradient with distance, to give
d V 2u' (j, 2 , fj.'yb du' dT u jW  ,  .
p e t  + fc0(i + 7e) u ~ k0(i +  j 9 y a x ~ c h  =  ~ ( p°Pg ~  k0( l + 7 9 )^  H
(A.23)
^  ( c „  -  z ^ L )  £  +  +  -  *  W .  (A .4 )
The horizontal Laplacian is denoted as V#. The third term  on the left in equation 
A.21 is due to the variation in 6 with x.
A solution to these two equations involves seeking a separable solution of the 
form
u' = U(X)^(r,(j>)exput  (A.25)
9' =  0(Ar)$(r, <j>) e xp u t  (A.26)
with limits of 0 <  r  < 1 and 0 < X  < | .  A property of $  is tha t it satisfies 
which is Helmholtz’ equation on a circle. Expressions of u' and 
9' substituted into the two equations above reduce the two partial differential 
equations into ordinary differential equations in terms of U and 0  with the result
£  ( 1  +  -  ? U )  -  ° - u f x =  C M  (A.27)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Substitution of a  functional form of the disturbance of U and 0  which is assumed 
to be of the  form U =  A exp i S X  and 0  =  B e x p i S X  gives
_  A(1 +  t & x s .  +  ^  _  <A3 * p g  =  _  r W y a  (A .29)
«•»>
A phase lag between the tem perature and velocity is not considered since it is 
reasonable th a t the two disturbances occur together.
The growth rate, u>, is a  quadratic expression, however, since the term ^  is 
small compared to  ^  (Cm — Lr/^F-^J, the expression for u  may be written as
.o. .W Sb  , 5 2 +  C2 - * -2¥ ^ fu> = ^  ^  ) 1 D  i -  ( S 2 ( l l l k0S b d T y ^  A )(Cm -  L r ,e & )  i 2 V '  '  '  D  (S 2 +  < 2 ) 2 +  ( ^ £ ) 2
(A.31)
where A is defined as the Rayleigh number of the instability
, kb2Cf  d T . . f i j k 0W  , Aoo,
“  l*<xmriVAV d x M  P  } ( ^
Neutral stability occurs when u  =  0 and a  minimum in A occurs when 5  «  0 
which corresponds to  pore fluid on one side of the column moving up and moving 
down on the other side. This suggests th a t Am,n =  ( 2 where £ is a root of Bessel’s 
equation which is used to solve V 2$  =  — £2$  subject to the boundary condition 
tha t the flow perpendicular to the wall of the tube is zero at the wall of the tube 
where r = l  (in non-dimensional units). This solution suggests tha t the initial 
disturbance occurs much like the vibrations of a  th in  membrane subject to the 
boundary condition given and the continuity condition th a t the average of the 
oscillation across the interface must be zero. For this solution £ 2 =  3.390.
Prior to  the onset of convection, when u> <  0, perturbations decay. However, 
according to equation A.29, perturbations may have both  real and imaginary com­
ponents. This implies th a t the possible solutions include oscillatory perturbations. 
Oscillations in these perturbations scale with the tem perature gradient. As the 
tem perature gradient increases both the magnitude and frequency of the oscilla­
tions increase.
l
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This completes the derivation of the Rayleigh number for a dense fluid over­
lying a  less dense fluid in a porous material of variable permeability with a small 
throughflow in the vertical direction. Note tha t in this derivation the throughflow 
term  can have either a stabilizing or destabilizing effect on the system. In either 
case the effect is symmetric with respect to the direction of the velocity. The 
stability condition for the tube may be stated as follows: the fluid in the column 
may be stable as long as the following condition is satisfied
t . ( i + 7( r - r f ))6;c f g  _  pjw
' o m/ i ijVau i x  ° k ,( l  +  -t(T  - T f )Y  '
i
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Appendix B
Estimation of Parameter 
Uncertainty
B .l  Introduction
In each of the measured and calculated profiles presented in chapter 4 there is a 
degree of uncertainty which must be considered when interpreting the results of the 
freezing experiments. The uncertainty associated with each profile consists of the 
uncertainty associated with each point in the profile and the uncertainty associated 
with entire profile. The uncertainty that is associated with measurements made 
on each section of a  column is the random uncertainty. The uncertainty that is 
associated with the entire set of measurements on each profile is the systematic 
uncertainty. For example, analysis of each section of a column determined the 
bulk salinity of the section which was used to compile a profile of bulk salinity 
within the column. Uncertainty exists in each bulk salinity measurement which 
is the random uncertainty. Since the columns in a freezing test all had the same 
initial salinity, the differences between the mean uncertainty in each of the seven 
salinity profiles in a test were used to  derive the systematic uncertainty for the 
bulk salinity profiles.
The standard method for estimating the random uncertainty in measurements 
is often referred to as Propagation o f Uncertainties (Baird 1962) which involves 
determining how sensitive a calculated parameter is to each of the components 
used in its calculation. The sensitivity of the parameter to  its components and 
estimates of the uncertainty of the components is used to estimate the parameter 
uncertainty. The uncertainty of a parameter is estimated as a finite difference
201
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form of the total differential of the parameter,
8 f ( x , y , =  j - 8 x  + ^j-8y + 8z  + . . .  (B.l)
Where 8x ,8y,8z , . . .  are the uncertainties associated with each component of the 
parameter x ,y , z , . . .  and 8 f  is the uncertainty associated with the parameter f .  
Equation B .l shows that uncertainty estimates of a parameter depend on the sen­
sitivity of the parameter to its components and the uncertainty of each component. 
A limitation of this technique is that as the number of components to a parameter 
increases, the uncertainty estimate obtained through equation B .l becomes less 
accurate since the final uncertainty estimate is a  result of each of the estimates 
of the components. Another limitation of this technique is that it linearizes the 
sensitivity of the parameter to the components. Highly non-linear relations may 
over or underestimate the uncertainty of the parameter.
Estimating the systematic uncertainty of each profile is not as straightforward 
as estimating the random uncertainty. Accurate estimates of the systematic un­
certainty requires more innovative techniques which involve comparing the results 
from the seven columns in each test. In this research, systematic uncertainty will 
be estimated by comparing profiles of the same parameter from all seven columns 
to determine how average values compare in a manner similar to the example 
presented in the first paragraph of this section.
The purpose of this Appendix is to estimate the random and systematic un­
certainty associated with each of the profiles presented in Chapter 4. Estimates 
of uncertainty pertain to Freezing Test 6 , however, the results are applicable to 
any of the eight remaining freezing tests. The first section of this appendix will 
present the uncertainties associated with the measured parameters: bulk salinity, 
water content, and temperature. The second section will utilize the uncertainties 
in the measured quantities (bulk salinity and temperature) measurements to esti­
mate the uncertainties associated with the calculated parameters: brine salinity, 
density, and volumetric brine content.
B .2 U ncertainty of the M easured Param eters
Bulk salinity and water content are two fundamental quantities for monitoring 
the effects of freezing of sand columns, consequently, accurate estimates of the
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uncertainty in each of these parameters was necessary in order to  properly in­
terpret the experimental results. Accurate estimates of the uncertainty in bulk 
salinity measurements are particularly im portant since changes in bulk salinity 
was the principal indicator of convection. Uncertainty estimates for water content 
measurements are also im portant since changes in water content was the principal 
indicator of differential solvent movement.
Calculation of the bulk salinity in each section is a  nine-step procedure in 
which the electrical conductivity, salinity relation is non-linear, consequently, the 
limitations of propagation of uncertainties applies to the procedure for determining 
the bulk salinity. To avoid the limitations of equation B .l, an alternate method 
of estimating the random uncertainty of the bulk salinity measurements was used. 
This method involved saturating two columns with salt solution and then, without 
first freezing them, sectioning the columns to determine the bulk salinity of the 
column. Methods used to determine the bulk salinity of each section were the same 
as those outlined in Section 3.3. Results from these measurements are presented 
in tables B .l and B.2 and were used to calculate the average salinity and standard 
deviation of salinity in the sections of each column. The uncertainty of each 
measurement may be estimated by
SSB = 1.65(7 (B.2 )
where a  is the standard deviation of the measurements in tables B .l and B.2 and 
the coefficient corresponds to estimating the uncertainty at the 90% confidence 
interval. The 90% confidence interval implies tha t the uncertainty associated with 
each bulk salinity measurement is estimated to be large enough tha t only 1  data 
point in 10 exceeds the uncertainty estimate. When this technique was applied 
to the two standard columns th a t were sectioned without being frozen, 8Sb was 
estim ated to be 0.5 ppt for each salinity measurement in each section.
Systematic uncertainty estimates were determined by measuring how well the 
average salinity in each column compared with the average salinity in the other 
six columns in the same freezing test. In each freezing test all seven columns 
were saturated with a portion of ~  15/ of NaCl solution which had been made at 
least 24 hours prior to saturating the columns. The average bulk salinity in each 
column was calculated using a difference form of the Mean Value Theorem which
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Table B .l: Results from analyzing each section of a  partially saturated 
column of silica sand drained to field capacity. The standard deviation for
the salinity da ta  was .239 ppt____________________
Sample D epth Range W ater Content Salinity 
No-________ (m)___________ (%)________ (ppt)
1 0.000-0.015 3.0 35.2
2 0.015-0.029 3.0 35.8
3 0.029-0.047 3.2 35.4
4 0.047-0.080 3.2 35.5
6 0.080-0.096 3.3 35.5
7 0.096-0.111 3.4 35.5
8 0.111-0.127 3.4 35.2
9 0.127-0.147 3.5 35.2
1 0 0.147-0.165 3.4 35.6
1 1 0.165-0.181 3.6 35.5
1 2 0.181-0.197 3.5 35.6
13 0.197-0.215 3.5 35.6
14 0.215-0.234 3.7 35.2
15 0.234-0.255 3.6 35.6
16 0.255-0.272 3.9 35.7
17 0.272-0.289 4.0 35.6
18 0.289-0.307 5.3 35.6
19 0.307-0.327 5.9 35.5
2 0 0.327-0.346 9.5 35.5
2 1 0.346-0.364 15.4 35.5
2 2 0.364-0.380 25.4 35.5
23 0.380-0.396 27.0 35.5
24 0.396-0.409 26.5 35.5
25 0.409-0.424 26.1 35.5
26 0.424-0.441 27.4 35.2
27 0.441-0.458 27.0 35.5
28 0.458-0.476 26.3 35.3
29 0.476-0.496 27.0 35.6
30 0.496-0.514 25.8 35.9
31 0.514-0.532 26.2 36.7
32 0.532-0.548 26.1 35.5
33 0.548-0.570 26.6 34.7
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Table B.2: Results from sectioning and analyzing a saturated soil column 
without first freezing it. The standard deviation in the salinity measure­
ments was 0.305 ppt.___________________________
Sample
No.
Depth Range 
(m)
Water Content 
(%)
Salinity
(PPO
1 0.000-0.017 32.1 35.6
2 0.017-0.032 27.3 35.9
3 0.032-0.050 27.4 35.5
4 0.050-0.065 26.0 35.6
5 0.065-0.083 27.3 35.5
6 0.083-0.100 26.8 35.5
7 0.100-0.118 27.0 35.5
8 0.118-0.136 27.5 35.6
9 0.136-0.153 25.4 35.7
1 0 0.153-0.172 26.3 35.7
1 1 0.172-0.193 26.0 35.8
1 2 0.193-0.207 26.7 35.9
13 0.207-0.227 26.9 35.6
14 0.227-0.243 26.5 35.6
15 0.243-0.263 26.8 35.6
16 0.263-0.279 26.1 35.8
17 0.279-0.296 27.6 35.7
18 0.296-0.315 27.2 35.6
19 0.315-0.332 26.0 35.4
2 0 0.332-0.350 26.1 35.6
2 1 0.350-0.364 26.2 35.6
2 2 0.364-0.376 25.3 35.6
23 0.376-0.389 26.3 35.7
24 0.389-0.405 26.5 35.7
25 0.405-0.420 26.0 35.7
26 0.420-0.429 27.1 35.7
27 0.429-0.436 27.1 36.1
28 0.436-0.443 26.4 36.0
29 0.443-0.452 25.5 36.0
30 0.452-0.460 26.4 36.0
31 0.460-0.471 27.0 35.8
32 0.471-0.488 26.3 35.6
33 0.488-0.507 26.4 35.7
34 0.507-0.529 26.0 35.5
35 0.529-0.550 27.2 35.5
36 0.550-0.570 29.4 34.6
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weighted the sample length in the calculation of the average salinity. Results of 
such a  comparison for Freezing Test 6  indicates th a t a  systematic uncertainty of 
0.3 ppt exists between each column.
Systematic uncertainty in the bulk salinity measurement was thought to be 
a  result of the drying the samples after they were sectioned (D. Hawkins pers. 
comm. 1990). Since the samples were quite large, typically 0.1 kg, it was difficult to 
redissolve all the salt into solution after the samples were dried. It should be noted 
that the systematic uncertainty only applies to the comparison of salinity values 
between columns, in which case the uncertainty in salinity is 0 . 8  ppt, otherwise 
the salinity values within each column have an uncertainty of 0.5 ppt.
Water content, the ratio of mass water to mass dried soil, was determined 
using a scale that was accurate and repeatable to 10- 5  kg. This would suggest 
that water content measurements were very accurate and only slight changes in 
water content could be associated with differential movement of the solvent during 
freezing. However, variations in dry density must be taken into account to deter­
mine minimum changes in water content that could be associated with differential 
movement of the solvent. In a soil saturated with pure water it is possible to show 
that
WB(%) =  1 0 0  -  — )  (B.3)\Pdry Iqtz)
where p is the density of water and dry density of the sand and 7  is the specific 
gravity of quartz. In this investigation, the silica sand was packed to a dry density 
of 1530 ±  20 The density of water will be taken as 1000 and the spe­
cific gravity of quartz as 2.63 ±  0.03 (Lunardini 1983). These values substituted 
into equation B.3 yield a water content of 27.5%. Propagating the uncertainty 
associated with each measurement in B.3 suggests that water content values are 
accurate to 0 .6 %.
Systematic uncertainty in water content measurements result from systematic 
variations in ice content within each column. The formation of ice from solution 
results in an «  10% expulsion of brine from the pore space. When the column 
is sectioned and each section analyzed to determine its water content, the water 
content will reflect the mass of ice within the section. Since the porosity of the sand 
is 40% and the volume change of solution to water is 10%, up to 4% of the solution
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mass is expelled upon complete freezing of the pore fluid. However, complete 
freezing of the pore fluid occurs only at tem peratures lower than the eutectic 
temperature. In this research, the ice content in the pore fluid continuously ranged 
from 0 to <  500 ppt by volume of the pore fluid. Systematic changes in water 
content in the partially frozen portion of the columns reduced the water content 
Continuously from 0 to «  2%. If the systematic uncertainty in the water content 
measurements were removed, then the uncertainty could be estimated to  be less 
than 0.6%. If the volume of ice is not taken into account in the water content 
measurements, then the overall uncertainty would be estimated at 2 .6 %.
Temperature measurements were used to determine brine salinity, density in 
the partially frozen portion of the columns. Uncertainty in the measurement of 
temperature consists of random uncertainty associated with routine tem perature 
measurements and systematic uncertainty associated with temperature variations 
throughout the freezing apparatus.
Thermistors used in this research were calibrated using a three point technique 
(see Section 2.4) with the calibration results fit to the Steinhart equation to pro­
duce an accuracy of 0.01°C (Osterkamp 1984). Sensitivity of the thermistors was 
0.001°C. Therefore, the random uncertainty of the tem perature measurements is 
mainly associated with calibration uncertainty and is on the order of 0 .0 1 °C.
Systematic uncertainties of the temperature measurements were due to vari­
ations in temperature across the freezing apparatus and self heating of the ther­
mistors. Temperature variations across the freezing apparatus were measured by 
logging the fluid filled stainless steel tubes distributed throughout the apparatus. 
Figures B .l, B.2, B.3 show typical temperature profiles measured with the both 
the thermistor string and measured by lowering a therm istor into a liquid filled 
stainless steel tube. These profiles indicate a maximum variation of 0.1°C near 
the top of the profile where the temperatures were coldest, and near 0.05 °C at 
the base. The brine volume in the region where the temperature variations were 
largest was < ~  600 ppt. Temperature variations throughout the freezing appara­
tus and near the surface are thought to be associated with the contact between 
the sand and steel plate covering the freezing apparatus.
Thermistor self heating occurs when too much power is applied to the thermis­
tors during temperature measurements and results in an elevation of the thermistor
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TEMPERATURE VS. DEPTH 
FREEZING TEST 6 
TEMPERATURE (°C)
208
-5  -4  -3  -2  -1
Figure B .l: Tem perature profiles in the freezing apparatus measured with 
both the fixed therm istor string (solid line) adjacent to  the instrum ented 
column and in the liquid filled stainless steel tubes (dashed line). The 
decimal date since the s tart of the experiment is shown in the legend. These 
profiles indicate variations in the tem perature field of less than  0 .1 °C across 
the apparatus except a t the surface of the column.
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TEMPERATURE VS. DEPTH
FREEZING TEST 6
TEMPERATURE (°C)
-5  -4 -3  -2 -1
Figure B.2: Temperature profiles in the freezing apparatus measured with 
both a fixed thermistor string (solid line) and by lowering a probe into a 
liquid filled stainless steel tube (dashed line).
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TEMPERATURE (°C)
TEMPERATURE VS. DEPTH
FREEZING TEST 6
5 -4 -3 -2 -1
Figure B.3: Temperature profiles in the freezing apparatus measured with 
both a fixed thermistor string (dashed line) and by lowering a probe into a 
liquid filled stainless steel tube (dashed line).
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tem perature above the ambient temperature. Self heating was estimated from the 
power dissipation factor for these thermistors, the excitation current used in the 
tem perature measurements and the thermistor resistances used in this research. 
The power dissipation factor for these thermistors was «  10- 3  The excitation 
current was 10- 5  amperes. Typical resistance values were on the order of 104 ohms. 
This information implies tha t self heating affected temperature measurements on 
the order of 0.001°C.
Systematic uncertainty associated with the temperature measurements is asso­
ciated with variations in the temperature field across the freezing apparatus and 
has been measured to be on the order of 0.1°C. Overall uncertainty associated with 
the temperature measurements may be estimated to be ft* 0.1°C when profiles are 
compared and 0.01°C between each thermistor in a profile.
B .3  U ncertainty o f the Calculated Param eters
Calculated parameters are those that describe the phase relations between the 
brine and ice and they are determined from the measured parameters. Brine 
salinity and density depend only on the temperature of the system and the brine 
volume depends on the temperature and the bulk salinity. The purpose of this 
section is to estimate the random and systematic uncertainty associated with the 
calculated parameters.
Brine salinity, the salinity of brine in contact with ice in the partially frozen 
portion of the column, depends only on temperature. Equation 3.10 is a poly­
nomial expression used to calculate the salinity of brine in the partially frozen 
section of the column. The effect of random and systematic temperature uncer­
tainties of 0.01 and a 0.1°C respectively on the uncertainty in brine salinity can 
be estimated by propagating the uncertainty associated with temperature through 
equation 3.10 and noting that only the first term in the expression is important for 
the temperatures used in this research. This calculation indicates tha t the random 
and systematic uncertainties in brine salinity are estimated to be approximately 
0.17 and 1.7 ppt.
Brine density, the density of the brine in contact with ice in the partially
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frozen portion of the column is a  function of both tem perature and salinity, but 
since the temperature specifies the salinity, the brine density may be expressed 
as either a function of temperature or brine salinity. Equation 3.11 is a relation 
between brine salinity and density. Propagating the uncertainty in brine salinity 
through equation 3.11 using random and systematic uncertainties of 0.17 and 1.7 
ppt suggests tha t the uncertainty in brine density is approximately 0.14 and 1.4 
^  respectively.
Estimates of the bulk salinity, brine salinity and brine density may be used 
to determine the uncertainty in brine volume. Equation B .l was applied to  the 
simplified form of equation 3.12 to estimate the uncertainty in brine volume us­
ing Sb = 35 ppt, £Sb=0.5 and 0 . 8  ppt, and Su= 50 ppt, <5St;=0.17 and 1.7 ppt. 
These values suggest estimates of the random and systematic uncertainty to be 
approximately 8Vu=14 and 56 ppt.
B .4  Sum m ary
In summary, this section has presented the methods used to  determine the random 
and systematic uncertainty in both measured and calculated parameters used in 
this investigation. These calculations have been presented for the results of Freez­
ing Test 6 , however, they are generally valid for the 8  remaining freezing tests. 
Table B.3 summarizes the results of the analysis to calculate the random and 
systematic uncertainty for each of the parameters used in this investigation.
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Table B.3: Summary of the estimates of the random and systematic uncer­
tainty associated with the measured and calculated parameters in Freezing 
Test 6 . These results are generally applicable to the remaining 8  freezing 
tests.____________________________________________________
Param eter
Uncertainty 
Random Systematic
Bulk Salinity Ss (ppt) 0.5 0.3
W ater Content WB(%) 0 . 6 2 .
Tem perature T(°C) 0 . 0 1 0 . 1
Brine Salinity Su(PPt) 0.17 1.7
Brine Density Pu (^ ) 0.14 1.4
Volumetric Brine Content Vi/(ppt) 14 56
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Appendix C 
Measurement of Permeability
Permeability measurements were made on the sand used in the freezing experi­
ments with the constant head method. These measurements were conducted with 
a Soil Test Combination Permeameter, Model K-605. Tests were conducted by 
closely following procedures outlined in ASTM (American Society For Testing and 
Materials) D2434-68, Standard Test M ethod For Permeability Of Granular Soils 
(Constant Head). Tests were conducted at 100% relative density of the dried sand. 
The sand was compacted using the falling weight method outlined in the ASTM 
test.
Five separate samples were tested for permeability. The samples were drawn 
at random from twelve, 45 kg bags of Granusil 30 that had been intermixed. 
Permeability tests were performed at a  variety of hydraulic heads with values of 
permeability calculated from the slope of the line fitted by the method of least 
squares. All tests were conducted using de-aired distilled water. Figure C .l is an 
example of the results from measurements made to determine the permeability of 
the sand. Results of permeability tests on Granusil 30 with dry densities of 1530, 
1570, 1530, 1550 ^  indicate an average hydraulic conductivity of the sand was 
7.9xl0 - 4  ~  at 25 °C. The average permeability of the sand was S.lxlO - 1 1  m2.
214
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
215
HYDRAULIC CONDUCTIVITY OF GRANUSIL 30
0.00 .30 1.00
DISCHARGE (kg/« X.001)
fc.W '*~l~~2.30
Figure C .l: An example of the results of measurements of the permeability 
of Granusil 30. The two data points at the large head have not been 
included in the curve fit because they indicate turbulent flow in the sand.
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Appendix D 
Sensor Spacing and Probe 
Spacing
The purpose of this section is to present the spacing of the 28 thermistors relative 
to the top of the column and the spacing of the probe depths on the thermistor 
probe. Because the probe spacing depths are marked on the side of the probe, 
they are relative to the top of the stainless steel tube, consequently, a correction of 
0.0435 m must be subtracted from each spacing measurement to obtain the depth 
below the sand surface.
216
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Table D .l: Spacing of tem perature sensors for each of the nine freezing 
tests. The first column is the spacing for Freezing Test 5, the second column 
is the sensor spacing for the eight remaining freezing tests. Negative values 
correspond to distances above the top of the column. The origin is taken 
to be the top of the sand surface or the bottom  of the top aluminum cap.
Sensor Spacing (m)
Freezing Test 5 Freezing Tests 6-13
-.05 -.05
- . 0 0 0 1 - . 0 0 0 1
.0461 .0461
.0685 .0673
.0871 .0863
.1066 .1065
.1285 .1279
.1487 .1481
.1697 .1689
.1889 .1882
.2085 .2079
.2284 .2277
.2468 .2462
.2674 .2667
.2853 .2838
.3071 .3051
.3279 .3278
.3481 .3469
.3690 .3692
.3811 .3890
.4077 .4080
.4291 .4280
.4489 .4480
.4692 .4676
.4887 .4874
.5071 .5060
.5900 .5900
.5920 .5920
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Table D.2: Spacing of the temperature probe for the thermistor lowered 
into the stainless steel tubes adjacent to the sand columns. Distances axe 
relative to  the probe. To obtain the distance below the sand surface 0.0435 
m must be subtracted from each of the values given in this table.
Probe Spacing
(m)
.0407
.0605
.0806
.1010
.1217
.1411
.1618
.1816
.2019
.2215
.2421
.2617
.2822
.3014
.3233
.3425
.3627
.3829
.4026
.4228
.4431
.4632
.4837
.5043
.5237
.5437
.5635
.5837
.6044
.6242
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Appendix E 
Data Acquisition
Temperature data were acquired with a Hewlett Packard data acquisition system. 
This system consisted of an HP 85 controller, an HP 9836 voltmeter, and multi­
plexer and an HP 82901, 5 |  inch dual disk drive. The purpose of this appendix 
is to present the data acquisition program and to discuss features of the program. 
The program presented in this appendix is a direct copy of the working program 
and should work without alteration on an HP 8000 series computer supported with 
an HP82901 disk drive at address 700 and a multiplexer at address 709.
The main purpose of this program was to acquire data from the 28 thermistors 
located at the instrumented column twice each hour. The program was written so 
that the seven vertical tubes could be logged between loggings of the instrumented 
columns. Printouts and graphical displays of the loggings could be obtained with 
the use of the 8  softkeys. An auto start feature has been included which enables 
the program to restart and initialize itself in the event of an interruption of power 
to the computer. The auto start feature is such tha t the first temperature logging 
after a power interruption is placed one record after the last record prior to the 
interruption. The keyboard has been disabled to avoid crashing the program by 
inadvertently pressing the keys on the keyboard.
219
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10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
155
160
165
170
175
5 ! STORE ”Autost:TAPE”
This program is to log 
temp sensors as part of 
the sandbox freezing exp.
The program will allow 
holes in the sand . 
box to be logged using an 
external thermistor.
The main features of this 
program will be the 
to log any of 7 holes at will and 
to display the results.
Hardcopy printouts of the 
sensor temps and logging 
temps both in graphical 
and printout form will be 
available.
As usual I will back this 
software with my uncon­
ditional guarantee.
Since you didn’t write it 
and your paying nothing for 
it, if your are in any 
way dissatisfied with 
the results or the logic 
you can just go back to 
where you came from.
Tim Matava-881214
Set up the initial prgm 
parameters.
180
185 OPTION BASE 1
190 DIM A(28),C(28,3),B(30),D(24
),R(30),E(8)
195 L=.6138 ! cm 25-26 spcng 
200 K=.4 ! cal/cm-s-c 
205 ! 6061-T651-QQ-A-225/8 Al. 
210 !
215 FOR 1=1 TO 30 
220 R(I)=I*500 
225 NEXT I 
230 !
235 MASS STORAGE IS ” :TAPE” 
240 ASSIGN# 1 TO ”T_COEF” 
245 FOR 1=1 TO 28 
250 REA D # 1,1; C(I,1),C(I,2),C(
1,3)
255 NEXT I
260 ASSIGN# 1 TO *
265 !
270 ! Read in the sensor spacing 
275 !
280 ASSIGN# 1  TO ”T_SPCNG”
285 FOR 1=1 TO 24 
290 R EA D # 1,1; D(I)
295 NEXT I
300 ASSIGN# 1 TO *
305 !
310 MASS STORAGE IS ”:D700”
315 ! . .
320 CRT IS 1 ! dflt is display 
325 !
330 G=709 ! Datalogger address 
335 OUTPUT G ;”ARVC1AC33”
340 !345 ! ************************
350 i .
355 ! Begin main body of prgm.
360 !
365 ON TIM E R # 1,1800000 GOSUB
1070
370 !
375 GOSUB 715 
380 ! GOSUB 2060 
385 !
390 ON K E Y # 1 ,” GRAPH” GO­
SUB 1430
395 ON K E Y # 2,” PRINT” GOSUB 
440
400 ON K E Y # 3,” LGGNG” GO­
SUB 795
405 ON K E Y # 4,” END ” GOSUB
430
410 !
415 GOTO 415 ! SPIN#1 
420! .
425 ! End of the main body 
430 S T O P ^ ^ ^ ^ ^ ^ ^ ^
440 ! SUBROUTINE TO PRINT 
DATA
450 CRT ON 
455 !
460 ON TIM E R # 2,5000 GOTO 495 
465 OFF K E Y # 2 
470 OFF K E Y # 3
475 ON K E Y # 1 ,”HRD COPY” GOTO 
490
480 GOTO 480 ! SPIN # 2  
485 !
490 CRT IS 703 
495 OFF TIM ER # 2 
500 !
505 ON K E Y # 1 ,’’SENSORS” GOTO 
525
510 ON K E Y # 4,’’LOGGINGS” GOTO 
620
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
221
515 GOTO 515 ! SPIN # 3  
520! .
525 ! Print out of sensors
530 DISP ”Tim e=” ;IN T(T5/3600) ;IN
T (FP(T5/3600)*60)H rs-m in”
535 DISP ’’Julian D ate= ” ;T6  
540 DISP ’’Record # ” ;N0 
545 !
550 FOR 1=1 TO 26
555 DISP USING 585 ; I,A(I)
560 NEXT I 
565 !
570 DISP USING 590 ; K*(A(25)-A(
26))*4.184*10000/L
575 !
580 DISP USING 595 ; A(28),A(27) 
585 IMAGE XX,DD,XXX,MDD.DD 
590 IMAGE ’’heat flux through has 
e= ” ,MDDD . D W a t t s / m 2”
595 IMAGE ’’top tem p=”,MDD.DD,”
ir tem p=” ,MDD.DD 
600 DISP ” ” @ DISP ” ”
605 !
610 GOTO 695 ! Return to  main 
615 !
620 ! PRINT OUT OF LOGGINGS 
625 !
630 DISP ”Tim e=”;INT(T7/3600);IN
T (FP(T7/ 3600)*60)hrs-m in”
635 DISP ’’Julian D ate= ”;T8  
640 DISP ’’Record # ” ;N1 
645 !
650 IMAGE XX,DD,XX,MDD.DD 
655 !
660 DISP ’’SPCN G # TEM P”
665 !
670 FOR 1=1 TO 30 
675 DISP USING 650 ; I,B(I)
680 NEXT I
685 DISP ” ” @ DISP ” ”
690 !
695 CRT IS 1 
700 GOTO 385 
705 RETURN 
710 !
‘ SUBROUTINE KEYBRD 
Purpose is to disable 
the keyboard so hoseheads 
won’t be able to mess up 
logging. Pause key still alive.
QW ERTYUIOP()ASDFGHJKL;’ZX
CVBNM,./” GOSUB 785
750 ON KYBD Z,”!@#$% & *()-+—
qwertyuiop( )asdfghikl; ’zx
cvbnmji?” GOSUB 785
755 ON KYBD Z,CHR$(136)&
CHR$(137)&CHR$(140)&
CHR$(141)&CHR$(144) GOSUB 785
760 ON KYBD Z,CHR$(145)&
CHR$(147)&CHR$(148)&
CHR$(149) GOSUB 785
765 ON KYBD Z,CHR$(153)&
CHR$(154)&CHR$(155)&
CHR$(156)&CHR$(157) GOSUB 785
770 ON KYBD Z,CHR$(158)& 
CHR$(159)&CHR$(160)& 
CHR$(161)&CHR$(162) GOSUB 785
775 ON KYBD Z,CHR$(163)& 
CHR$(165)&CHR$(166)& 
CHR$(168)&CHR$(169) GOSUB 785
780 ON KYBD Z,CHR$(170)& 
CHR$(172)&CHR$(173)& 
CHR$(32)&CHR$(164) GOSUB 785 
785 RETURN
790 ................
795 
800 
805 
810 
815
SUBROUTINE LOG 
Purpose is to log the separate 
holes in the sandbox
715
720
725
730
735
740
745 ON KYBD Z,” 1234567890-=
Thermistor Coefficients 
820 Cl=9.72687889265E-4 
825 C2=2.72988410808E-4 
830 C3=1.05159739735E-7 
835 !
840 ON K E Y # 1,” LOG 
875
845 OFF K E Y # 2 
850 OFF K E Y # 3 
855 ON K E Y # 4,'
1055 
860 !
865 GOTO 865 ! SPIN 
870 !
875 T7=TIM E 
880 T 8 =DATE
885 ON K E Y # 1 ,’’STORE P T ” GOTO
950
890 !
895 OUTPUT G ;”AC32VC1”
GOTO
RETURN ” GOTO
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900 !
905 R1=0 
910 N3=0
915 FO R M= 1  TO 30 
920 WAIT 7000 
925 N3=N3+1
930 EN TER G ; R(M)@ R (M )=  
R(M)/.00001
935 IF ABS(R1-R(M ))<1.2 THEN 
GOTO 950 
940 R 1 =R(M )
945 GOTO 920
950 B (M )= l/(C l+ C 2*L O G (R (M ))+
C3*LOG(R(M)) 3)-273.15
955 BEEP 20,1000
960 DISP M;N3;R(M);B(M)
965 N3=0 
970 NEXT M 
975 !
980 BEEP 20,1000 
985 !
990 BEEP 50,3000 
995 !
1000 OUTPUT G ;”AC33”
1005 ASSIGN# 2 TO ”CN TR”
1010 R E A D # 2,2 ; N l 
1015 N1=N1+1 
1020 P R IN T #  2,2 ; N l 
1025 ASSIGN# 2 TO *
1030 !
1035 ASSIGN# 1  TO ’’LOGGINGS”
1040 P R IN T #  1,N1 ; T7,T8,B()
1045 ASSIGN# 1  TO *
1050 !
1055 GOTO 385 
1060 RETURN1065 j *************************
? SUBROUTINE T_SENSOR 
Purpose is to log the 
sensors fixed adjacent to 
column # 1
ON T IM E R # 2,5000 GOTO
1070 
1075 
1080 
1085 
1090 
1095 
1125 
1100 !
1105 ! F F  K E Y # 1
1110 ! ON K E Y # 4,” RETURN”
GOTO
1380
1115 ! GOTO 1115 ! SPIN # 4  
1120 !
1125 ! OFF T IM E R # 2 
1130 !
1135 ASSIGN# 2 TO ”CNTR”
1140 R E A D # 2,1 ; NO 
1145 N0=N0+1 
1150 P R IN T #  2,1 ; NO 
1155 ASSIGN# 2 TO *
1160 !
1165 T5=TIM E 
1170 T 6 =DATE 
1175 !
1180 FOR 1=1 TO 3 
1185 IF 1=1 THEN OUTPUT G 
” AF00 AL07AC00”
1190 IF 1=2 THEN OUTPUT G 
’’AF08AL15AC08”
1195 IF 1=3 THEN OUTPUT G 
” AF20AL27AC20”
1200 FOR J= 1  TO 8  
1205 WAIT 15000 
1210 ENTER G ; R  
1215 A (J+ 8 *(I-1 ) )= R /.00001 
1220 OUTPUT G ;”AS”
1225 NEXT J 
1230 NEXT I 
1235 !
1240 OUTPUT G ;”AF2SAL31AC28”
1245 FOR 1=1 TO 4 
1250 WAIT 15000 
1255 ENTER G ; R 
1260 A (I+ 24)= R /.00001 
1265 OUTPUT G ;”AS”
1270 NEXT I 
1275 !
1280 OUTPUT G ;”AC39”
1285 !
1290 ! ****************
1295 ! chnls 25 &; 26 reversed 
1300 ! P=A(25)
1305 ! A(25)=A(26)
1310 ! A (26)=P
1315 ! ****************
1320!
1325 FOR 1=1 TO 28
1330 A (I)= l/(C (I,l)+ C (I,2 )*L O G (A
(I))+C(I,3)*LOG(A(I)) 3)-273.15 
1335 NEXT I 
1340 !
1345 ASSIGN# 1  TO ’’T-SENSOR” 
1350 P R IN T #  1,N0 ; T5,T6,A()
1355 ASSIGN# 1  TO *
1360 !
1365 ! FOR 1=1 TO 8  
1370 ! OUTPUT G ;”AS”
1375 ! ENTER G ; E(I)
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1380 ! NEXT I
1381 !
1382 OUTPUT G ;”AC33”
1385 !
1390! ASSIGN# 1  TO ’’CNDTVTY”
1395 ! IN T #  1,N0 ; T5,T6,E()
1396 ! ASSIGN# 1  TO *
1397!
1400 IF N0i720 THEN GOSUB 1680 
1405 !
1410 BEEP 20,2000 
1415 ! GOTO 385 
1420 RETURN1425 ! *********************
1430 i SUBROUTINE GRAPH 
1435 ! Purpose is to graph the 
1440 ! T-sensor & logging data 
1445 !
1450 CRT ON 
1455 CRT IS 1 
1460 !
1465 X l=60 
1470 X0=-5 
1475 Y l= 5  
1480 Y0=-10 
1485 !
1490 SCALE X0,X1,Y0,Y1 
1495 !
1500 XAXIS Y0,5,X0,X1 
1505 YAXIS X0,1,Y0,Y1 
1510 !
1515 XAXIS Y1,5,X0,X1 
1520 YAXIS X1,1,Y0,Y1 
1525 !
1530 OFF K EY # 2
1535 OFF K EY # 3
1540 ON K EY # 1 ,”SENSORS”
GOSUB 1565
1545 ON K EY # 4,”LOGGINGS” 
GOSUB 1630 
1550 !
1555 GOTO 1555 
1560 !
1565 ! Plot sensors 
1570 PENUP 
1575 MOVE -5,A(27)
1580 PLOT -.9,A(28)
1585 !
1590 FOR 1=1 TO 24 
1595 PLOT D(I),A(I)
1600 NEXT I 
1605 !
1610 PLOT 64.1,A(25)
1615 PLOT 64.1+L,A(26)
1620 !
GOTO 1670 
! Plot loggings 
MOVE 0,B(1)
FOR J= 1 TO 30 
N3=N3+2 
PLOT N3,B(J)
NEXT J 
PENUPi
GOTO 385
! SUBROUTINE DISK CHANGE
N2=N2+1
IF N 2=l THEN GOTO 1710 
IF N2=2 THEN GOTO 1720 
MASS STORAGE IS ” :D701” 
GOTO 1730
MASS STORAGE IS ” :D700”i
! Reset counters
N0=0
N1=0i
GOTO 385 
RETURN
1625
1630
1635
1640
1645
1650
1655
1660
1665
1670
1675
1680
1685
1690
1695
1700
1705
1710
1715
1720
1725
1730
1735
1740
1745
1750
1755
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Appendix F 
Definition of Terms and List of 
Notation
The purpose of this appendix is to present the notation used throughout the 
text. Recently, a second set of notation was introduced into the literatui’e 
beginning with Baker (1987) to describe the properties of partially frozen 
solutions in a coarse-grained porous material. This notation is different 
from the notation previously used to describe the properties of partially 
frozen solutions of salt and water which was first introduced by Weeks 
(1962). However, the two sets of notation are completely equivalent, are 
based on similar principles, and rely on the same phase diagram. Through­
out the text of this thesis the notation introduced by Baker (1987) has 
been used. In this appendix both sets of notation are presented to avoid 
the ambiguity that could occur for the reader who has approached this 
topic from the sea ice point of view rather than the soils viewpoint. When 
two symbols are used to describe a parameter, the first symbol denotes the 
notation used in the thesis and the second, but equivalent, symbol denotes 
the older, more longstanding, notation. In the case where only one sym­
bol is presented, only one symbol has been presented in the literature or a 
variety of symbols have been presented and a standard notation does not 
exist.
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Ice-Bearing Interface A term used to describe the location within the 
column where the last ice is present in the soil matrix. Here, the 
presence of the ice is considered in the thermodynamic sense.
Ice—Bonded Interface A term used to describe the location within the 
column where the ice was no longer bonded by ice. Bonding was 
determined by probing the sand with a knife while the column was 
sectioned.
Transition Interface A term used to describe the location within the 
column where the sand was bonded by ice but not firmly bonded 
uniformly across a horizontal section of the column.
Approximate Nuemann Conditions A term used to describe the tem­
perature boundary conditions during freezing. Classical Nuemann 
conditions are applied to a half-space, while Approximate Nuemann 
conditions are applied to over a fixed length. These conditions consist 
of a constant initial temperature, and constant top and base temper­
atures during freezing.
List of Notation
A  Constant.
B  Constant.
b(m) Diameter of the sand columns, and length scale used in the stability 
analysis.
C Constant.
C '(^) The electrical conductivity of a solution.
C F ( ^ )  A  temperature correction factor applied to the conductivity of a 
solution of unknown salinity, but known temperature to determine 
the equivalent conductivity of the solution at 25°C is defined as CF.
Definition of Terms
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C/ ( —37?q) Heat capacity of the fluid.
Cm(m3J,c ) Heat capacity of the medium.
Effective thermal diffusivity.
2D v(l^-) The diffusivity of water vapor in a  soil.
D 0(sj-)  The diffusivity of water vapor in air.
Gravitational acceleration. 
k(m2) Permeability.
3 ) Latent heat of fusion of brine.
M s (kg) Mass of salt.
Ms£,(kg) Mass of the soil with the effects of the salt removed.
M sw(kg) Mass of the distilled water added to the dried section.
Miy(Kg) Mass of pure water.
n  A coefficient used to relate brine volume to the permeability of the par­
tially frozen sand.
n  A unit vector normal to a surface.
P(Pascals) Pressure.
5 The ratio of the conductivity of a solution of unknown concentration at 
25°C to the conductivity of a solution with a concentration at 34.33 
pp t and tem perature at 25°C is defined as R m. Dimensionless
R m The ratio between the measured conductivity at a  know tem perature 
to  the conductivity of a solution of salinity at 35 ppt and 20° C is 
defined as R m. Dimensionless
^(m ^s) ^k e  vapor flux of water in a soil.
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5 s (p p t)  =  Si Bulk salinity. The salinity of a  thawed sample of soil that 
contains both salt and water is defined as the bulk salinity.
•S's(ppt) Salinity of the diluted solution.
S t/(ppt) =  Sb Brine salinity. The salinity of brine in contact with ice is 
defined as the brine salinity.
T(°C) Temperature.
Tp(°C) Equilibrium freezing tem perature of a  solution.
u(y ) Velocity. The Darcy velocity of the pore fluid.
Vau The absolute ratio of brine volume to the volume of ice and brine in 
the porous matrix.
V/(m3) =  Vi The absolute volume of ice in the porous matrix.
Vy(ppt) =  Vb The Brine volume in the soil. The ratio of the absolute brine 
volume to the absolute volume of ice and brine is defined as the brine 
volume.
W ( j )  Throughflow velocity, this is also expressed as a  Darcy velocity.
Wb{%) Bulk gravimetric water content. The ratio of the mass of pure 
water to  mass of salt free water is defined as the gravimetric water 
content.
a m( m-s-sc) The thermal conductivity of the medium.
Tem perature coefficient of brine density.
7 ( 7 5^ ) Tem perature coefficient of the permeability in the partially frozen 
soil.
j qtz Specific gravity of quartz. Dimensionless.
A C  A tem perature correction applied to the conductivity readings to ob­
tain  an equivalent conductivity at 25° C.
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6 A symbol used to denote a small thickness (Chapter 5) or the uncertainty 
of a parameter (Appendix B).
r] The porosity of the sand. Dimensionless.
9(°C) A tem perature difference used in the stability analysis.
k(^ - )  Molecular diffusivity of the solutes.
A Rayleigh number. Dimensionless.
Viscosity of the brine.
£ A dimensionless similarity variable used to describe the conduction of 
heat on a  sphere.
Pdry(^)  Dry density of the sand.
Pi(jrit) Density of pure, salt free ice.
pu(*$) = Pb Brine density. The density of brine in contact with ice is 
defined as the brine density.
a  Standard deviation.
r(s) Time constant.
u;(i) Growth rate parameter.
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